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ABSTRACT 


The quantum mechanics conception of a spinning electron in an s state makes it 
probable that its interaction energy with a nuclear moment i is simply proportional 
to the average of is cos(is). Expressions for this average cosine have been obtained 
and applied to different examples. In more complicated cases it can only be said 
that the interaction energy is proportional to ij cos (ij), which makes the interval 
rule hold for hyperfine structure. 


HE existence of hyperfine structure has been accounted for by the intro- 

duction of a new quantum number' 7, together with the quantum num- 
bers s, 1, and 7 associated with resultant spin moment, resultant orbital 
moment, and total moment respectively. Thenew quantum number is asso- 
ciated with the nucleus intrinsically in the same way that s is associated with 
the electron, and because of its similar properties might be interpreted as a 
nuclear spin moment. The 7 causes a single state of the multiplet to be split 
up into several states (27+1 or 27+1 depending on which is smaller) each of 
which is denoted by a particular value of the new total quantum number f. 
In the hyperfine structure those transitions occur for which f changes by 
+1 or 0, except that the transition 0-0 is forbidden, similar to the selection 
rules for 7. The separations in hyperfine structure are then due to the inter- 
action energy between the nuclearmomentand the total extranuclear moment. 
Similar to ordinary multiplets, the hyperfine structure separations usually 
follow the interval rule, i. e. the separation of two adjacent states is pro- 
portional to the largest 7 of the two states. A discussion of hyperfine 
structure separations involves knowing whether the coupling which exists 
between the extranuclear moments is the Russell-Saunders type which 
gives rise to multiplets, or whether it is the (j, 7) coupling which is found 
most frequently in the heavy elements.’ 


1E. Back and S. Goudsmit, Zeits. f. Physik 43, 321 (1927); 47, 174 (1928). 

2 For a discussion of ordinary multiplet separations and the different vector couplings 
see S. Goudsmit, Phys. Rev. 31, 946 (1928); S. Goudsmit and C. J. Humphreys, Phys. Rev. 
31, 960 (1928). 
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The interaction energy between the nuclear magnetic moment and the 
extranuclear electrons has not yet been treated in a satisfactory way. A 
treatment based on the classical vector model has been given by Pauling and 
Goudsmit.* Hargreaves‘ gave a quantum mechanical treatment in which 
however he neglected the interaction between the nucleus and the electron 
spin, which for small / is of the same order as the interaction with the orbital 
moment. Finally the calculations of Casimir,’ which take into account both 
interactions, can be applied only in the simple case of a single outer electron. 
The common result of all the calculations is that the interaction energy will 
be of the form 


Aij cos (ij) (1) 


which might be stated as the interval rule. Using the quantum mechanics 
expressions for the cosines (1) becomes 


i oo nd 





The separation between states f+1 and f is therefore 


; pee 2)—f(f+1) 
: 2 





|-au+n. (1) 


The separation is proportional to the largest f of the two states. As an ex- 
ample, let us consider the unassigned bismuth term 49461 with 7 =14, 7=44 
and f consequently 6, 5, 4, 3, with separations respectively 0.563, 0.473, 
0.379 cm~. That these separations are proportional to the larger f may be 
seen by dividing respectively by it to obtain the interval unit A=0.094, 0.095, 
0.095. As another example consider the bismuth term 6)* *P; 2. with 7 = 1/2, 
and i=4}3 giving two states with f=5, 4. The measured separation is 
1.875 cm™ giving an interval unit of 0.375 cm“. 

As the results of Casimir show, the interaction energy between the elec- 
tron spin and the nucleus for the case of an electron in an s state, where / is 0, 
is proportional to the cosine between 7 and s, i.e. 


ais cos (is). (2) 


This expression does not hold for other states. In quantum mechanics an s 
state differs considerably from the orbital picture of the atom. One must 
consider for an s state that the charge distribution representing the electron, 
surrounds the nucleus completely whereas in the classical picture the nucleus 
and the electron are separated. This explains the fact that for an s state, the 
results obtained by Casimir on the basis of the quantum mechanics show that 
the most stable state for the nucleus is with its magnetic moment in the same 


+L. Pauling and S. Goudsmit, “The Structure of Line Spectra,” McGraw-Hill, now being 
published. 


4 J. Hargreaves, Proc. Roy. Soc. Al24, 568 (1929). 
5 We are greatly indebted to H. B.G. Casimir in Leiden for the use of his unpublished work 
on the study of the nuclear spin problem. 
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direction as the magnetic moment of the electron, meaning that if i= 4, of 
the two states f=0 and 1, the former will be the lower, which is the opposite 
to what is expected on the classical theory. This result means that the con- 
stant a is positive. 

This factor a comes out to be proportional to the ratio of the magnetic and 
mechanical moment of the nucleus and to Z*/n® for the state under con- 
sideration. For deeply penetrating orbits 


a~Z 2?/n? 25; (3) 


where Z; is the nuclear charge effective for the inner part of the orbit, z is the 
effective nuclear charge outside the electron core, and n.,s; is the Rydberg 
denominator. The actual numerical factor occurring in a is however not 
known with certainty. 

The interaction energy between i and ap,d or f electron is of a more com- 
plicated nature as it involves an interaction with both the orbit and the spin. 
It is very probable that in this case the correct quantum mechanics treatment 
will differ considerably from the treatment with the help of the classical 
atomic model. It is therefore possible to consider here the hyperfine structure 
separations of only those configurations which involve a deeply penetrating 
s electron* which is supposed to contribute the main part of the hyperfine 
structure and we shall therefore be interested in the evaluation of cos (is). 

For two s electrons, the interaction energy may be calculated completely 
in terms of each of the electrons. If the subscripts denote the two electrons, 
the interaction energy is given by 


a,is,cos (is;) + aegis cos (ise) 


remembering that s; and se form the resultant moment j the average cosines 
can be worked out and one obtains 


aS; a2Se2 
ij,cos (4j) [= cos (s:j)-++-—— cos (x) |. (S) 
J J 


The expression between the brackets is thus the constant of expression (1). 
Substituting the quantum mechanics expressions for the cosines one obtains 


FGA +Asi(si4+1)—so(set1)  — j(f+1)4+50(se+1) —51(51 +1) 








A=a — + ag — (6) 
; 2j(j+1) 2j(j+1) 
In the case of two s electrons this reduces to 
A =}$a,+}ae. (7) 


It is quite probable that this expression (6) can be applied tomorecomplicated 
cases where an s electron is added to a general multiplet S-state of the 
preceding ion. 


* AppED TO Proor: In a recent letter to the Editor in Phys. Rev. H. E. White also con- 
siders the hyperfine structure in the case of a deeply penetrating s electron arriving at qualita- 
tively the same results as obtained in this paper. 
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In the case of an s electron and an arbitrary other electron the evaluation 
of a ts cos (1s) depends upon the type of coupling of the quantum vectors of 
the extranuclear electrons. For Russell-Saunders coupling 


ayis, Cos (is;) =a, is, cos (ij) cos (js) cos (ssy). (8) 


It must be remembered that in this expression the interaction with the s 
electron alone is taken into account and the interaction with the other 
electrons is regarded as negligible. 


ieiadieliaiatie s 
4,15, COS (is;) =ij cos (ij) & cos (s,s) cos wi |. (9) 
J 


The expression in brackets is again the constant A of (1). Substituting the 
quantum mechanics cosines we get 
$(s+1)+5)(51+1) —se(se+1) J(G+1) +5(s+1) —le(l2+1) 


A =d\ a . (10) 
2s(s+1) 2j(f+1) 





In case of two electrons where s; = 52 = 3 

IGH+1) +5(s $1) -h(h +) 
4j(j+1) | 

Equation (10) will also be applicable in the case where one has the s electron 


added to a more general configuration than a single electron, meaning that s 


can have values other than 3. 


In (j, 7) coupling a similar treatment gives 


(11) 





A =<d)\ 


ayis cos (is;) =ayis, cos (ij) cos (js) 
” ony | 9251 ; 
=1j Cos (i) | “cos sn 
J 
FGAN +51(51 +1) —joG2+1) 
2j(j+1) 

There exist relations between the values of A in the case of Russell- 
Saunders coupling and in the case of the (j, 7) coupling which are similar to 
the well-known sum rule of the Landé g values. For instance, if for a given 
configuration a certain j value occurs for only one level the value of A for this 
level will be the same for all couplings. Expression (11) can easily be con- 


nected with the Landé g value. Comparison with the well-known g formula 
gives at once 





(12) 


A=a, 


A =}a,(g—1). (13) 
A similar but more complicated expression can be found in the case of the 
(j, j) coupling. 
APPLICATIONS 
Cadmium I. Table I gives the 5s ms and 5s 5p configurations of Cd I® for 


6H. Shiiler and H. Briick, Zeits. f. Physik 56, 291 (1929). S. Goudsmit, Naturwiss. 17, 
805 (1929). 





























SEPARATIONS IN HYPERFINE STRUCTURE 1505 


which the Russeli-Saunders coupling holds and for which (7) or (11) can be 
applied. 
TABLE I. Cadmium I. Hyperfine structure. 














Configuration Av Form. (1’) A a 
5s6s °S; 0.396 cm™! 3A/2 a,/2+42/2 
5s7s 3S; 0.369 3A/2 a/2+a,'/2 
558s 3S, 0.354 3A/2 a,/2+a,'"/2 
Limit 0.35 3A/2 a;/2 0.47 cm™! 
5s5p *P2 0.28 5A/2 a,/4 0.44 
3P, 0.21 3A/2 a,/4 0.55 











The nuclear moment of cadmium is § giving rise in every case to a doublet 
fine structure. In the tables the first column gives the configuration and 
term, the second column the separation, the third the separation from (1’) 
or the interval rule, the fourth gives A in terms of the constant a; of the s 
electron, and the fifth gives the value of a; determined from the separation. 
As the constants a contain the factor (1/n.4) they will decrease rapidly with 
increasing quantum number m. This means that a; is expected to be much 
larger than de and that furthermore az will decrease going from 6s to 8s. 
The values of a; obtained from the separations agree sufficiently well since 
the expressions are only approximate. This a; on the average is about 
0.47 cm and this value leads to the prediction of the magnitude of the fine 
structure of the 5s 2S, of Cd II. This term will be split up into two levels, 
f=1and f=0 with separation a, or 0.47 cm™. 

Thallium I." In this case the expressions can be applied to only the low 
state 7s 7S. 

TABLE II. Thallium I. Hyperfine structure. 








Configuration Av Form. (1°) A a 








65°75 2S\2 0.40em  —Am—S—«i cm 
Thallium II. For the 6s 7s *S, we can use (II). From thallium I the a for 
the 7s electron was found to be 0.40 cm~; according to (3) the a for the same 
electron in thallium II will be about 4 times as large, or 1.60 cm~. This value 
has been used for the calculation of a; for the 6s electron in Table IIT. 


TABLE III. Thal 








lium II. Hyperfine structure. 











Configuration Ap Form. (1’) A a 
6s7s 3S; 5.1 cm™ 3A/2 a;/2+a,/2 5.2cm 
6s6p *P2 335 5A/2 a,/4 5.6 

IP, 0 3A/2 0 _ 
6s7p *P2 3.4 5A/2 a,/4 5.4 
3p, 3.9 3A/2 a,/2 5.8 
[*P,] —0.6 3A/2 —a,;/4 —_ 
6s6d *D- 1.6 5A/2 a,/12 7.7 
3D, —2.0 3A/2 a,/4 ae 
1D, 2.4 5A/2 0 — 
6s7d *D; 3.6 7A/2 a,/6 6.2 
3D. 0.6 5A/2 a,/12 2.9 
3D, —2.3 3A/2 —a,/4 6.1 
1D, 0.3 5A/2 0 - 








7 E, Back, Ann. d. Physik 70, 333 (1923). H. Schiiler and H. Briick, reference 6. 
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The 6s 7p configuration of thallium II is certainly much nearer to the (j, 7) 
coupling than to Russell-Saunders coupling as can be seen from an examina- 
tion of the position of the singlet and triplet terms and in this case we must use 
(12). The 6s 6d follows the Russell-Saunders coupling again. The values of 
a given in the last column agree satisfactorily particularly for those terms 
for which the separations are known with some certainty. The values of 
Av given in Table III have been recalculated with the use of proper intensity 
relations from the observed lines of McLennan, McLay and Crawford® and 
according to them have an error of about 0.5 cm~. For 6s 7p 'P; a separation 
of — 3.4 would be expected but of the two possibilities for that term both show 
a separation of about 0.5. The 6s 6d'D.separation observed is much too large. 
Especially interesting is the inversion of the *D, terms. 

The values of a are somewhat irregular to show with certainty the effect of 
different screening with different outer electrons. The value of a for the 6s 
electron in case the second electron is removed completely will probably be 
about 7 or 8 cm~. This will be the doublet separation of the hyperfine 
structure of the 6s 7S, state of thallium IIT. 

Lanthanum I and II. In lanthanum only a preliminary paper by Meggers 
and Burns? has been published, the few results which are certain, are in agree- 
ment with the theory developed here. The fine structure seems to occur only 
in those terms involving a single 6s electron. Table IV gives the results of the 
5d 6s configuration of lanthanum II which is an interesting intermediate case 
between Russell-Saunders and (j, 7) coupling, and the equations derived here 
are valid only for the *D, and *D; state for which all couplings give the same. 
The. hyperfine structure of *D; makes it probable that 7=2, however the 
splitting up of the 5d 6s 'D, does not agree with expectations. The agreement 
of the a, of La I with the a; of La II seems to be entirely accidental. 


TABLE IV. Lanthanum. Hyperfine Structure. 














La II Configuration Av (total) Form. (1) A a 
5d6s *Ds; 0.71 cm“ 14A a,/6 0.30 cm 
3D, —0.375 5A —a,/4 0.30 
La I Configuration Av Form (1) A a 
5d*6s *Fiy —0.46 5A/2 —a,/5 0.30 
4 Foy [+0 .04]* 12A a,/105 
4 F353 [+0 .38]* 16A 5a,/63 
‘Fy {[+0.67|* 20A a,/9 








* Predicted values. 


J C. McLennan, A. B. McLay, and M. F. Crawford, Proc. Roy. Soc. A125, 570 (1929). 
* W. F. Meggers and K. Burns, J.0.S.A. 14, 449 (1927). The uncertainty in 7 has little 
effect on the results derived here. 
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ABSTRACT 


A theoretical investigation is given of the Zeeman effect for doublet bands of 
diatomic molecules which are included in the type forms of Hund’s cases (a) and (b). 
With case (b) as a starting point, using the perturbation theory of the new quantum 
mechanics, the magnetic terms are first treated as a small correction to the coupling 
energy between the electron spin and orbital magnetic moments. 

In the next approximation the terms which lead to a Paschen-Back effect are in- 
cluded. The physical interpretation according to which the term system degenerates 
into that due to a free spin electron plus that due to a symmetrical top, is discussed 
briefly in its relation to the experimentally observable patterns. The formal mathe- 
matical solution is then given and briefly discussed. 


INTRODUCTION 


N VIEW of some experimental work which has been carried out in this 

laboratory! on the Zeeman effect in the 5211A band of MgH, it has become 
of interest to extend previous theoretical work on the effect of a magnetic 
field on the spectra of diatomic molecules. We shall consider only molecules 
which can be included in the type form of Hund’s case (a) or (b), or which are 
intermediate between these limiting cases. Hund has considered the general 
‘arrangement of the magnetic terms for the limiting cases.? Van Vleck has also 
considered the question’ from a qualitative point of view, and on the basis of 
Hund’s analysis and an assumed behavior for the spin electron in strong mag- 
netic fields, has proposed a scheme which might be expected to account for 
some abnormally large Zeeman patterns which had previously been observed 
experimentally. The basic idea of the theory is that of a gradual uncoupling 
(Paschen-Back) effect of the electron spin from the rest of. the molecule by the 
magnetic field, and a consequent degeneration of the term system into that 


* National Research Fellow. 
1F. H. Crawford and G. M. Almy, Phys. Rev. 33, 1084 (1929). See also the following 
paper in this issue. 
2 F. Hund, Zeits. f. Physik 36, 657 (1926). For various other papers dealing with differ- 
ent phases of the Zeeman effect in band spectra see: 
E. C. Kemble, Chapter VII, Sec. 6 of Bulletin 57 of the National Research Council, 
“Molecular Spectra in Gases.” 
E. C. Kemble, R. S. Mulliken, and F. H. Crawford, Phys. Rev. 30, 438 (1927). 
E. U. Condon, Phys. Rev. 30, 781 (1927). 
R. de L. Kronig, Phys. Rev. 31, 195 (1928); Zeits. f. Physik 46, 814 (1928); Ibid., 50, 
347 (1928). 
W. Watson and B. Perkins, Jr., Phys. Rev. 30, 592 (1927). 
F.H. Crawford, Phys. Rev. 33, 341 (1929). 
3 J. H. Van Vieck, Phys. Rev. 28, 980 (1926). 
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due to a free spin on which is superposed the pattern due to a symmetrical top. 
At that time the theory was mainly suggestive, although its general correct- 
ness was undoubted, but it is the purpose of the present paper to put it on a 
more definite footing by applying to it the methods of the new quantum 
mechanics. We are thus enabled to follow quantitatively the progression from 
zero to strong fields. The reader is referred to the following paper in this issue 
for a discussion of the relation of the theoretical predictions to the experi- 
mental data in the above-mentioned band of MgH. 

Notation. At present the symbolic designations for the various quantum 
numbers in diatomic molecules are by no means standard. In this paper we 
shall conform to some suggestions for a standard notation which have been 
recently communicated to us by Professor R. S. Mulliken. For the conven- 
ience of the reader a conversion table from the symbols used in reference 4 to 
those used in the present paper isappended. The reader isreferred to reference 
4 for a complete discussion of the meanings of these symbols. 

Reference 4. k, 5,0%,0s,0,jx, j, mM, Mz, m,,S, P,D,-- - 
Present L,S,A, X,Q,K, J, M, Mz, M,,2,T1, A,--:- 


HAMILTONIAN FUNCTION 


Let (xyz) be a fixed set of Cartesian axes in space such that the external 
magnetic field is symmetrical about the z-axis, the field strength being H 
(gauss). We shall start with Hund’s case (b) as an appropriate unperturbed 
system. Equivalent results could undoubtedly be obtained by starting at 
case (a), and have been partially so obtained by the author (through stage I) 
but the complete analysis involving the Paschen-Back effect of the spin is 
analytically more complicated by such a procedure. 

The perturbative terms in which we are interested are of two types; 1) 
the coupling energy, Hi, between S and L, and 2) the added terms due to the 
presence of the magnetic field, with the Hamiltonian H2. As usual we shall 
assume that the energy differences associated with different values of A are 
large compared to the energy differences of adjacent rotational states, so that 
we may average /H/; over the precession of Z about the nuclear axis. Assuming 
the applicability of the “cosine” law of interaction between S and L we get® 


H,=A(A-S)=A(AzS 2+AySy+Az5s), (1) 


where A is a constant. 
In H2 we retain only terms linear in H, and neglect the small magnetic 
moment due to the nuclear rotation, so that® 


H,=(He/4amc*)(A,+25,). (2) 


4 Cf. E. L. Hilland J. H. Van Vleck, Phys. Rev. 32, 250 (1928) for a calculation very similar 
to that of the present paper. 

5 All energies are expressed in cm™. 

* In this paper we shall neglect the small “rho-type” doubling which is present in *2 
states. On this account we cannot get complete agreement between theory and experiment for 
high rotational levels as the formula will not predict the proper doublet separations even in 
the absence of a field for transitions beginning or ending on a *= level. 
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The matrix elements of H, have already been derived (reference 4, Eqs. 
(16) and (17)). To find the matrix elements of A, we have only to use the 
unnumbered equation in the middle of p. 258 of reference 4 in conjunction 
with the case (b) amplitude matrices (reference 4, Eq. (9)).? To derive the 
matrix elements of S, we use an argument based on the discussion of the case 
(b) amplitude elements given on p. 254 of reference 4. We first note that as 
S is involved only in the precessions about J and about the axis of the exter- 
nal field, S, will be diagonal in all quantum numbers except J. Furthermore, 
as the vectors S and K play quite analogous roles in the precession about J, 
we need only take those amplitude elements from Eq. (9) which are diagonal 
in K, inter-change the quantum numbers K and S in them, and then normal- 
ize the B-factors so that >> ys’ mw’ (S2+5,+5S2) (J, M; J’, M’)=S(S+1). 
Lastly we must multiply each of the elements of S., Sy, and S, for which 
J’=J+1 bya factor (—1) in order to take account of the fact that Sand K 
are coupled vectorially, and so have slightly different phases. 

As the final result of this analysis we find for the elements of the complete 
perturbing function H,=H,+A2: 


O(K+1;A)EVJ +1; K; S)EVJ+2; K;S)QU +1; M)) ¥? 





H,(K,J; K+1,J+1)=a(a»)} 














4U(K+1)U(J+1) 
’ ; (Avn)M \ ( O(K+1; A)E(J+1; K; S)F(J—1; K; S) ) ¥2 
rt @ 5. 1,J)=Al A 2.6 
HK, J; K+1,J) ( on) 4U(K+1) 
Q(K+1; A)FUU ~1; K; SF 2; K,S)QU; M) 4" 
Judo = beh Rema 
aT ae ae 4U(K+1)U(J) j ‘a 
3) 
. ’ Q(J+1;M) ‘ ' —_ on 
J;K,J+1)=(d»,)| —-——— E(J +1; S; K)F(J; S; K) |"? 
Hp(K, J; K,J +1) = (arn) TIEEy [E+ FU )] 
( : )[2U +1; K; SPU; Ki S) | 
2K(K+1) ” , 30) , >) ; 
HAK,J:K,J)= (Ss) {oussin+(s . -)é UK; s)t - -( =... - Gt K:S:J), 
itn 1(J+1) — 2K(K+1) 2K(K +1) 


where 


E(a 3b 3c) =(a+b)(a+b+1)—c(c+1) ; F(a 3b oh Niall (4) 
G(a 3b 3c) =a(a+1)+6(6+1) —c(c+1) ; O(a 56) =a*?—B’; 


U(a) =a*(2a—1)(2a+1) (5) 
5 
Av, = He/4xmc?. 


The remaining elements can be obtained by using the Hermitian character 
of H,;i.e., as all elements of H, are real, H, (K, J; K’, J’) =H, (K’, J’; K, J). 
All elements are, of course, diagonal in A and M. 


7 The following corrections are to be made in Eq. (9) of reference 4. In line 2 put U(j +1) 
instead of U(j); in lines 7 and 8 put F(j, jx) instead of F(j +1, jx). 
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The energy function of the unperturbed system can be written as the sum 
of two parts; i.e., Wo+H,, where W, does not involve the quantum numbers® 
K, J, M, while H, is the diagonal matrix whose elements are 


HAA,K,J,M ; A,K,J,M)=B[K(K+1)—A?| (6) 
where 
B=h/8rcl. (7) 


As W, does not contain any of the quantum numbers in which H, has 
off-diagonal elements, it does not enter into any of the calculations, and will 
not be mentioned specifically again. 


Interaction with A-type doubling. In the perturbing Hamiltonian as given above we have 
listed only terms within a given electronic multiplet (m, v, A), and have thus tacitly left out of 
account the terms which are chiefly responsible for the phenomenon of A-type doubling. 
From the theoretical work of Kronig,? Wigner and Witmer,'® and of Van Vleck," on the sym- 
metry properties of the wave equation, even inclusive of spins, it follows that the approxi- 
mate wave functions associated with the two A-levels (levels with a given |A !) are respectively 
even and odd with respect to a “reflection in the origin.” As our perturbing function, inclu- 
sive of magnetic terms, is even with respect to this transformation, it contains no terms con- 
necting these so-called + and — levels, which may thus still be treated separately. These 
we treat in the usual manner, assuming that the electronic states are really widely separated 
as compared to adjacent rotational levels, and so consider first the perturbations of the terms 
within each electronic state separately. Inclusion of the terms non-diagonal in A would give 
the A-doubling corrections. 


CALCULATION OF TERM VALUES 


Because of the fact that our perturbing function H, has elements off- 
diagonal in two quantum numbers, K and J, the term values can be found 
only by approximation methods. As a preliminary step let us separate H, 
into two parts which we shall call 7,’ and H,’’ respectively. H,’ shall consist 
of all elements of H, which are diagonal in J, thus having elements which are 
off-diagonal as well as diagonal in K. H,’’ shall consist of all remaining ele- 
ments of H,, and thus in particular has no elements diagonal in J. This divi- 
sion of the calculation into two parts simplifies the analysis, as /7,’ includes 
all of the terms of H, which are responsible for rotational distortion in addi- 
tion to some of the small magnetic terms, and represents the Hamiltonian to 
be associated with a molecule in a state intermediate between (b) and (a) in 
which the magnetic field produces only a small perturbation, while H,”’ con- 
tains the terms which lead to the Paschen-Back effect. In stage I of the cal- 
culation we use /7,’ alone, neglecting H7,’’, while stage II contains the con- 
siderations relative to H,’’. 

Stage I. The elements of the matrix H,’ associated with a given state 
(A, J, M) are found from (3) to be, on substituting S=3, K =J +}, 


8 We neglect explicitly the dependence of the vibrational energy on the quantum numbers 
K, S, J, as well as the variation of B with the rotational state. 

® R. de L. Kronig, Zeits. f. Physik 46, 814 (1928); 50, 347 (1928). 

10 E. Wigner and E. Witmer, Zeits, f. Physik 51, 859 (1928). 
11 J. H. Van Vleck, Phys. Rev! 33, 467 (1929). 
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H,'(J; ; Js) = Bi —BJ[1—A?/(J +4) ]—a2/(2 +1) } 
H,!(J1 5 J2) =H y'(J2 5 Js) = Bl (A+B)A/(2F+1)} {FT +4)2—-A2} 4? (8) 
H,'(J2 3 J2) =B{B(J+1) [1442/0 +4) ]+ra2/(2+)}, 


where 
B= (Av, /B)(M/J(J+1)) (9) 
A=A/B. 
The unperturbed energy has the elements 
H,(Ji ;J:) =B[(J+3)(J +3) —A?] (10) 


H,(J2 ; J) =B|(J?—3)—A?]. 


The notation J; refers to the spin component for which K=/J+}, and 
similarly J, refers to the component for which K=J—}. The energies can 
now be found by solving the usual determinantal equation: 

(H,+H,')\(Ji;J)—W H,'(Ji ; J2) 


Q= (11) 
H,'(J2 ; J) (H,+H,')(J2 ;J2)—- W 


the roots of which are readily found to be 
W(A,K,J,M)=B}(J+4)?—A2+B(A2+3) 
+4[(27+1)%(1—8)?+A2(A+8)(A\A—44+58) ]"/2}, (12) 


where the upper sign is to be associated with the J; state; i.e. with K =J+}. 
It may be remarked that if we set B=0; i.e., H=0, (12) reduces to the 
rotational distortion formula (reference 4, Eq. (27)). 


If one is interested only in the dependence of (12) on the magnetic field, it is probably a 
sufficiently accurate procedure to expand as a power series in (8) and retain terms of first 
order only, thus 

W(A,K,J, M)2Bi (J+4)2—A2 + $y4+8(A2+4) + (8/27) [—(27+1)2+A%3A—2)]}, (12’) 
where 
y= [(27+1)?+A(A—4)A2}"2. 


The next term of second degree in the small quantity (Av,/B) with a coefficient of the order 
of (1/J), is ordinarily quite negligible. The dependence of (12’) on 8 could also have been de- 
termined directly from the perturbation theory for non-degenerate systems by employing the 
case (b) transformation function S (reference 4, Eq. (33)) and the formula 


AW(K,J,M)= >. S(K,J; K’,J)HAK’,J,M; K",J,M)S(K,J,M; K",J,M). 
R’ K’ 


This procedure would amount to first removing the degeneracy associated with H, by means 
of the transformation S, and then considering H; as a small correction term. 


Stage II. The perturbative Hamiltonian H,’’ which we have so far neg- 
lected, contains interaction terms between levels with values of J differing by 
one unit and values of K which may or may not differ. Up to the present we 
have assumed that such terms do not lie close enough together to influence one 
another appreciably. This, however, is by no means a sufficient approximation, 
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for if we consider the arrangement of terms as a function of the parameter 
X in the absence of an external field (8 =0), we find that for A=0 and A= 4, 
levels differing by an unit in J, but having the same value of K lie very close 
together. The same is true for high rotational states even in molecules 
where A differs appreciably from these critical values (e.g., in the upper 
level for the 5211A band of MgH where A~6). This behavior of the 
terms is predicted by (12) and is also found experimentally.“ We must 
accordingly make a second transformation in order to eliminate these terms 
from H,’’. That it is not a valid procedure to use the perturbation theory 
of non-degenerate systems follows from the fact that such a calculation would 
be made by aseries expansion in terms of the parameter (Av,/v(K, J; K, J’)) 
where hy (K, J, M; K, J’, M)=W(K, J, M)—W(K, J’, M). We have just 
seen that this quantity may become very large. 





ab 


2Av, 


Fig. 1. 

The physical interpretation of this phenomenon has already been dis- 
cussed by Van Vleck,’ but we shall repeat and amplify the argument here in 
order to elucidate the mathematical formalism. Levels of the type just men- 
tioned, having the same value of K but different values of J, compose the so- 
called “spin-doublets” (S= 3), and their separations are measured by the 
magnitude of the coupling between S and A. If the separations of these levels 
are small, so that the effective forces between S and the rest of the molecule 
are weak, the magnetic field may be strong enough to over-power these forces 
and to partially or wholly uncouple S from the rest of the molecule. In the 
limit in which the Zeeman separations are great compared to the spin doublet 
separations, S becomes completely free from the rest of the molecule, and is 


12 Cf, especially R. S. Mulliken, Phys. Rev. 32, 388 (1928). 
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quantized parallel or anti-parallel to the axis of the external field. In this 
limit the term system should consist of the terms due to a symmetrical top 
superposed on the two states for the free spin in the magnetic field. In a #2 
state, neglecting the presence of the small “rho-type” doubling, the part due 
to the top should be absent, so that each rotational level splits into a doublet 
with separation (2Ar,) in the field. The more general condition as existing in 
JT, 2A, - - - states is roughly as shown in Fig. 1. From the Zeeman formulae 
for the symmetrical top," it can be seen that “a,” which is approximately the 
pattern width due to a symmetrical top, vanishes ~ 1/K, the number of 
levels in the group increasing as K, and the separations between the individual 
components decreasing as 1/K(K+1). The deviation of “b” from (2Ayr,) isa 
rough measure of the interaction energy between S and A. 

In the limit of a field sufficiently strong to practically break down the 
coupling between S and A, one can introduce the value of the component of 
S along the axis of the external field as a quantum number; i.e., M,= +}. 
The transitions which give rise to the spectral lines can be divided into four 
types:1) M,’=3--M,"' =}; 2) M,’=—}3--M," = —3;3) M,' =4--M,""=—-}; 
4) M,’=-—}-—M,''=}. Transitions of types 1) and 2) give rise to two 
superposed (unresolved) patterns clustering about the average position of the 
no-field doublets on the photographic plate. Transitions of types 3) and 4) 
give rise to two “wings” spaced approximately symmetrically with respect to 
the central pattern, and with a separation that approaches (4Ay,) as the mag- 
netic field is increased, or as one proceeds out in the band to successively 
higher rotational states. It may be remarked that the decrease in intensity of 
the outer “wings” with increasing magnetic field (or molecular rotation) is 
directly attributable to the selection rule AM,=0 which may be expected to 
obtain accurately in the limit. The reader is referred to the following paper in 
this issue for a discussion of these relations in the band MgH A5211. 

In putting these considerations into mathematical dress, we must first 
find the transformation function 7 appropriate to the determinantal Eq. (11). 
According to standard perturbation theory we have only to solve the set of 
linear equations obtained from the single matrix equation 


T(H,+H,')=WT, (13) 
the elements of 7 to be normalized to satisfy the condition 
TT“=1, (14) 
The following solution may readily be shown to satisfy (13) and (14) 
T(Ji, M ; Ji, M)=T(J2, M 3 J2, M)={[7(J, M)+0(J, M)]/27V, M)}2 
T(Ji1,M ;J2,M)=—T(J2,M 3J1,M) ={ [r(J,M) -w(J, M)]/27r(7, M)} "2, “_ 


where 


r(J,M) = { (2 +1)*(1—B)?+A%(A+8)(A—4+58) } 1/2 
w(J,M) = {(27+1)(1—8) —A*(A+8)/(J+4)}. 


13 Cf. e. g., D. M. Dennison, Phys. Rev. 28, 318 (1926); E. U. Condon, Phys. Rev. 30, 
781 (1927). 


(16) 
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The perturbing function in the new system of quantization is given by the 
matrix 


TH,"T- (17) 
for which the element (K, J, M; K’, J’, M) is given by 
> 7(K,J,M; K",J,M)H,'(K",J,M 3K" ,J’, M)T(K’,J',M; K"", J’, M) (18) 


K’’ xe"? 


as 
T-\(K"" J',M ;K',J’,M)=T(K’,J',M ;K’",J',M): 


In the application of (18) it is sufficient to neglect the dependence of the ele- 
ments of T on the magnetic quantum number M to the same degree of accura- 
cy that one has in using (12’) in preference to (12). With this simplification 
T becomes identical with the transformation function S derived in the rota- 
tional distortion problem (reference 4, Eq. (33)). 

An examination of (18) shows that the new perturbing function contains 
only terms connecting states for which J’=J+1,as H,”’ has no terms diag- 
onal in J, by definition. The elements connecting states for which K’#K we 
discard as such levels do not ordinarily lie close to each other. The remaining 
elements, connecting states for which J = K +}, are readily found from (18) 
using the matrix elements of H,’’ from (3), the result being 


ae 





56B/2= (App) ‘ 


























(K+4)* 
x [Pee eee re A? 
27(K+}) 27(K —}3) 2K(K+1) (19) 
+ jeep re thy yep yee : 
27(K+4) 27(K —3) 4K? 
r(K+4) —w(K+4) ) 2 (r(K—4)+w(K—3)) 7 ¢ [( K+1)?—A? Ja?) 1? 
-{ 27(K +3) } 27(K—} \ ‘ 4(K+1)? \ | 


The energies of the two states in question before the introduction of the 
perturbation (19) are found from (12) to be: 


W(Ki1,M ; Ki,M)=f(K+4, M)—41(K+}3, M) =Bea \ (20) 
W(Ke,M ; K2,M)=f(K—3,M)+41r(K—}, M) =Be 

where 
f(K—4,M) =B{ K*—A?+ (A»,/B)[M(A?+4)/(K?-3)]}, (21) 


and where K, and K¢ refer to the components for which J = K +3 respectively. 
If |M|<K-—3 the energy values can be found from a second determinantal 
equation of exactly the same form as (11) using (19) and (20) instead of (8) 
and (10), the roots being 


(B/2) [(ert+es) + { (er—e2)?-+6?} 1/2]. (22) 
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The allocation of the two roots (22) to the two levels concerned is at first sight 
ambiguous, inasmuch as the first term in the square root can also be written as 
(€2—«€,)*. This means that it is not sufficient to establish the correlation in the 
usual manner by the asymptotic relation of (22) with (20) when 4 is formally 
set equal to zero. As a second condition we shall use a rule derived from per- 
turbation theory“ which states roughly that the first effect of a perturbation 
between two energy levels is to push them apart. Applying this to (22) we 
conclude that if ¢:>e2 the upper sign is to be assigned to the state (K,,M) 
and the lower sign to the state (K2,M); while if €. >, the reverse correlation 
should be used. To make the equation formally correct in the latter case for 
the asymptotic point 6=0, one should write (€2:—€,)* instead of (€,;—€2)*. 
This consideration is, in a sense, equivalent to determining the energy and its 
derivative (with respect to 6) for each of the two states. 

Formula (22) can be thrown into a form resembling the more usual ex- 
pression used in atomic spectra” if we use (12’) instead of (12) to determine 
€, and €2, and collect powers of (Av,) ; i.e., 


€: +e.=§+x«(Ap,) ; €1—€2 =vota(Ap,) ; 5 =n(Ayr,) 


where By, is the (algebraic) frequency separation" of the no-field doublet 
levels in cm~! while &, x, and 9, are complicated functions of the quantum 
numbers, which can be determined from (12’), (19), (20), and (21). Substi- 
tuting these values in (22) we get 


(B/2) [E+-«(Avn) + { v0?-+ 2v9a(Av,) +(a?+n7) (Avn)?} *] . (22’) 


SPECIAL CASES 


There are some particular cases included under the general formula (22) 
to which it seems well to give special consideration, partly because of their 
simplicity, and partly also because of certain ambiguities which might be 
encountered in the preceding formal treatment. 

2S States (A=0). From (12) we readily find that 





e,= K(K+1)+(Av,/B)(M/K+3) ; 6 = K(K+1)—(Av,/B)(M/K+4) ; 
while 
Seta 
6=2(Apr,/B 
asta { (K+ 3)? 


as from (16), r(J, M)=w(J, M). With these values of its arguments (22) 
reduces to the very simple form 


BK(K+1) +p, (23) 


14 F, Hund, Zeits. f. Physik 40, 742 (1927); also for example the last section of E. . 
Kemble and C. Zener, Phys. Rev. 33, 512 (1929). 

16 E. g., W. Heisenberg and P. Jordan, Zeits. f. Physik 37, 263 (1926). 

16 See the preceding paragraph for consideration of the difficulties connected with the sign 
of v%. 
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quite in agreement with our previous conclusion that if we neglect rho-type 
doubling, a magnetic field of any strength should be large enough to uncouple 
completely the spin from the rest of the molecule and quantize it with respect 
to the external field. The two signs in (23) are of course to be associated with 
M,= +3 respectively. 

K=A, J=A—}4. This is the lowest level in *7, 7A, - - - , electronic states, 
and is of considerable interest as it presents an anomalous behaviour in the 
correlation of levels between (a) and (b)*:!2. Here the off-diagonal elements, 
(as well as the term in the lower right-hand corner) of (11) vanish, leaving as 
the only solution 


B[A(1—\/2) ]+(Av,)M(A—1)/(A+4). (24) 


To this degree of approximation, this level for a *II state (A = 1) is magnetically 
dead as the term in (Ap,) vanishes. In carrying through the analysis of the 
perturbations between the levels K =A, J=A—}, |M|<A—}, and the levels 
K=A, J=A+4, |M | <A++4, everything goes through just as before except 
that now €2 is given by (24), and 6 may be simplified by using the condition 
r(A—3, M)=w(A—}3, M). (22) now predicts a small magnetic effect for the 
level K =1, J =}, ina II electronic state, but it is of practical importance only 
in case the separation of the doublet levels in the absence of a magnetic field is 
very small even at the origin. 

Levels for which M= +(K+4). These two levels (for a given value of K) 
exist only in the magnetic components associated with the K,; state. As by 
(19) the perturbing terms vanish, a situation exactly similar to that discussed 
in the preceding “special case” obtains, the energy being given directly by 
(20); i.e., 


W(K1,M)=f(K+43,M)—37(K+34,M) 
M = +(K+4). 
The writer is very much indebted to Professor J. H. Van Vleck for his 
initial suggestion of this problem and for his criticisms of the first draft of this 


paper; he is also indebted to Mr. G. M. Almy for many discussions of the ex- 
perimental data. 
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of several experimental investigations. 
been made, and some quantitative measurements, but the lack of an ade- 
quate theory as a guide in the interpretation of results has apparently dis- 
couraged the gathering of much data. When the present work on the MgH 
bands (?II—*2) was begun, the task of ordering the large and often overlap- 
ping Zeeman patterns was not attacked with much success until Hill provided 
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ABSTRACT 

Experimental.—The investigation of the Zeeman effect in the MgH *II-*E bands 
at 7 field strengths between 5,000 and 28,000 gauss is described. The bands were pro- 
duced by a Mg arc, operating in hydrogen. A powerful magnet, equipped with a 
Back-box, was used in conjunction with a 21-foot concave grating. 

Calculation of Zeeman patterns.—With the use of the results obtained by Hill in 
the preceding article, theoretical patterns for representative lines in the band are 
plotted. Thus in the P; and Q,; branches the first line should become in the field a 
sharp doublet of separation 2Ay,; the second a pair of quartets, one on either side of 
the no-field position of the line; the third a pair of sextets similarly situated. For the 
higher lines considered only the extreme energy levels (M=+/J) and “zero lines” 
(M=0) are obtained from which the appearance of the unresolved patterns may be 
predicted. In general for these lines a no-field doublet consists in the field of a central 
band filling the no-field interval and two outer components or wings, one on either side. 

Comparison of observed patterns with theory.—A detailed description of the 
observable patterns in the band 45211 and a quantitative comparison with the theory 
are put in tabular form. The first lines show a fine structure in good numerical agree- 
ment with the calculations, while for the higher doublets the unresolved patterns corre- 
spond closely to those predicted. In the latter case, a central band practically fills the 
no-field interval, its intensity increasing with the field. The wings become more widely 
separated and less intense, approaching the separation 4Av, as the Paschen-Back 
effect begins. 

Numerical intensity calculations have not been made but certain observations 
on intensities are correlated (1) with the distribution of components in the theortical 
patterns, (2) with the relative orientations of spin and magnetic field in the two states 
of the molecule. The most clean-cut observation on intensities fitting in with the 
theory is the decrease in the intensity of the wings relative to that of the central 
band as the Paschen-Back effect begins. Then only transitions for which AM,=0 
have an appreciable probability. These give the central band, whereas |AM, | =1 cor- 
responds to the wings, whose intensity is correspondingly small. 


INTRODUCTION 


VOLUME 34 


HE effect of a magnetic field upon molecular spectra arising from tran- 
sitions between doublet states (i.e.22,°11,2A, - - -)'* has been the subject 


the theory which he develops in the preceding article. 








1 For the details of the new notation see the preceding article. 
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Many qualitative observations have 
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The Zeeman effect in the MgH bands was first studied qualitatively by 
Watson and Perkins! whose observations agreed in many of the essential 
features with those made in an earlier report of the present work.?* 

The object of this paper is to give an account of the experimental part of 
the work, a more complete description of the Zeeman patterns in the MgH 
band A5211, and to make a detailed application of Hill’s results to this band, 
including a quantitative comparison of the predicted and observed patterns. 
Due to their complexity theoretical intensity calculations as well as a con- 
sideration of the polarization of the patterns are left for later treatment. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The source was a 110-volt direct current arc between Mg electrodes, op- 
erating in an atmosphere of hydrogen. The gas, from a commercial cylinder, 
was slowly pumped through a Back-box enclosing the magnet poles, a pres- 
sure of 5 to 10 cm of Hg being maintained. For low fields a pressure of 5 cm 
was ample but at fields around 30000 gauss a pressure of 10 cm was re- 
quired to bring out the bands with satisfactory intensity. The Mg elec- 
trodes, about 2 by 5 mm in section, were mounted in the usual manner 
with their ends between the pole tips, one stationary, one made to vibrate 
mechanically parallel to the field so as to strike the other several times a 
second. The bands were considerably enhanced by placing a large inductance 
in series with the arc. The field was produced by a water-cooled magnet of 
Weiss type,‘ the magnet current being held constant by means of adjustable 
rheostats. 

Photographs were taken in the first and second orders of a 21-foot con- 
cave grating, the dispersion in the second order being about 0.93A per mm. 
Since the intensity was much greater in the first order, and the “ghosts” of 
a very strong Mg atomic triplet falling near the origin of the band \5211 
were much weaker, the first order plates were used for the measurement of 
the fine structure of the lines near the origin. The second order plates were 
used for the more intense lines situated at a distance from the origin. The 
temperature of the grating room was held practically constant by a device 
described elsewhere.‘ 

Usable photographs of the band A5211 were obtained at fields of 4770, 
8350, 16000, 21500, and 28400 (2 sets of plates) gauss without a polarizing 
prism, and, using a Nicol prism, at 14350 gauss with polarization perpendic- 
ular to the field, and at 13500 gauss with polarization parallel to the field. 
Plates were also inserted to photograph the bands AA4845, 5622, but these 
were not obtained with sufficient intensity to be of great use. Eastman Speed- 


1 Watson and Perkins, Phys. Rev. 30, 592 (1927). 

? Crawford and Almy, Phys. Rev. 33, 1084 (1929). 

3 After the experimental work on MgH was well along it was learned that Mulliken and 
Delaup, at the University of Chicago, had also begun a study of the same problem. In order 
to prevent duplication of effort they very kindly agreed to turn to the study of the Zeeman 
effect in other molecules. 

* Kemble, Mulliken, and Crawford, Phys. Rev. 30,448 (1927). The magnet and other 
equipment are described in detail in this reference. 
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way plates were used for wave-lengths less than 5000A, Eastman Astronomi- 
cal Green Sensitive for greater wave-lengths. The length of exposure varied 
from about 5 hours at the lowest field to over 16 hours at the highest field, 
the electrodes being replaced frequently during an exposure. A no-field com- 


FIELD-» 0 8350 16000 28400 7 
tly 4) fs : 
aa | 
— A 
Lo Rav, 
\ ee c 


daca “Ur = UT TL. 
k- ZAL,-1 














ee Cc 


P(Z%) ac tii OO, ac 
Sige | wi TT Chit 
<2 ( B(3k) aoc an} er] orb 
eC oh Ai WUT C 


aid 














Ay H eae —i 


Fig. 1. Theoretical Zeeman energy-level and Zeeman pattern diagrams for "II? tran- 
sitions with small K values. A refers to lines with K’=1 and J’=1, B to those with K’ =1 and 
J’'=1}, and C to those with K’=2 and J’=2} (magnetic energy-levels omitted in this case). 
All separations and patterns are to scale except the *II->*2 interval. In all cases the *2 level is 
broken up in the field into two substates symmetrically placed with respect to the no-field 
position and 2Ay, cm™ apart. In the "II level the number of substates is 2/+1, there being 
however, only a single level for J =4 since this state is magnetically insensitive. The position 
of the no-field line is represented in each Zeeman pattern by a vertical arrow. Each pattern 
is drawn under its corresponding field, given in gauss at the top of the figure. 


parison band and two iron arc spectra were photographed on each plate, 
the exposures usually being made in the order; iron arc, MgH with field, MgH 
without field, iron arc. The field strength was determined from photographs 
of the Zeeman patterns of the Zn triplet \A4660, 4722, 4811, obtained by re- 
placing the Mg electrodes with brass. 
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Fig. 2. Zeeman energy levels and Zeeman patterns for representative intermediate K 
values. A gives magnetic energy levels ana Zeeman patterns for all lines having K’=5. Due 
to the large number of sub-levels (2J+1) in each case only the levels with M= +J and M=0 
are plotted. The latter (dotted), though it represents no actual energy level, is drawn in to 
emphasize any asymmetrical distribution of the sub-levels which may exist,—there being of 
course as many sublevels above this line as below it. In the Zeeman patterns again only the 
extreme components in a subgroup are definitely placed, the subgroup being represented by a 
block. A dotted vertical line represents the hypothetical transition from M=0 to M,=+} 
and thus divides the number of components in a block in half. The components in a block 
originate in transitions such as a to c or d (10 each) and 6 to c or d (12 each). Overlapping 
blocks are drawn to different heights merely to distinguish them. As in Fig. 1 the vertical 
arrows give no-field positions. B gives similarly the Zeeman patterns for lines with K’ =7. 
The magnetic energy levels are so similar in general character to those under A that they are 
omitted. Attention is called to the fact that for this range of K values at low fields the low- 
frequency member of a doublet gives a broad, nearly symmetrical band while the high- 
frequency member becomes a doublet. Cf. Fig. 4, P branches, K’=3, 4, and 5, at H=8350. 
Since the no-field doublet intervals are computed from Hill’s equation (22), setting H=0, 
they do not include sigma-type doubling and the consequent difference between the Q and the P 
and R doublets. The same source of error is present, of course, in the Zeeman patterns. 
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The plates were measured with a Wolz comparator, on which the smallest 
division was 1/300 mm. In the band A5211, first order, this corresponds to 
aout 0.023 cm. Hence settings were read to 0.002 cm, but could be re- 
peated, in the fine-structure measurements, only to within about 0.04 cm. 
In these patterns an average of from 10 to 20 readings of each position was 
taken. In unresolved patterns the exact location of the edges was, of course, 
less accurately determinable than the position of a sharp line. Two to four 
independent settings were made in each of these measurements. 
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Fig. 3. Zeeman energy levels and Zeeman patterns for lines of large K values. The same 
conventions are employed as in Fig. 2. In these cases most significant changes in intensity 
are observed to occur as the field increases. At 8350 gauss the two central overlapping blocks 
are very faint and shade off at the edges, while most of the intensity of the original doublet is 
concentrated in the two outer blocks or wings. As the field increases the intensity of the central: 
part increases at the expense of the outer wings until at 28400 gauss the latter are just discernible 
after long exposure and separated by about 4A», while the central band is quite intense and 
practically fills the no-field interval. See text in this connection and also Fig. 4. 


CALCULATION OF ZEEMAN PATTERNS 


In the preceding article Hill has considered from the point of view of the 
quantum mechanics the Zeeman effect for doublet bands of molecules of the 
type of MgH. According to Mulliken,® the transition giving rise to the band 


5 Mulliken, Phys. Rev. 32, 388 (1928). 
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system of which A5211 is a member is *II—?2, and the molecular constants 
\ (Mulliken’s AE/B) and B have the values 5.7 and 6.1 respectively. 

The magnetic energy pattern is calculated, in the general case, by means 
of Hill’s Eq. (22). In the *2 state (S=3,A =0) this reduces to the much sim- 
pler form (23). The physical basis for the simplicity of the ?2 state in the 
field lies in the very small coupling between S and K, which is shown by the 
lack of an appreciable doubling in this state at no field. A small magnetic 
field overpowers this coupling, so that S and K are quantized separately. 
Since K measures only molecular rotation in this state, its mutual energy 
with the field is presumably negligible. Hence we may expect the 22 state to 
form a sharp doublet in the field, the two components corresponding to the 
two values of M,,}and— 3. These two magnetic levels are separated by 2Ar, 
since unit magnetic moment is to be associated with S=}. 

For the *II state (S=4$,A =1) Hill’s Eq. (22) is used. From the numerical 
results, which are not given here, the more picturesque energy-level and 
spectral diagrams may be sketched, as is done in Figs. 1-3 for representative 
values of K. For the terms for which K is 1 or 2 the energies for all permitted 
values of M (J to —J) have been calculated, enabling one to diagram the 
fine structure of the spectrum patterns (Fig. 1). For larger K only the ener- 
gies corresponding to M=J, —J, and 0 have been calculated. The first two 
give the extreme components. The last, since J is half-integral, does not 
correspond to an actual energy level but divides the number of levels (2/7 +1) 
in half (Figs. 2 and 3). 

Since no intensity calculations have been made, all of the components of 
a Zeeman pattern are represented as of equal intensity. Where the structure 
is so fine as to exclude hope of resolution the patterns are represented by 
blocks instead of series of fine lines. 


RESULTS 


In presenting the results a few general features of the Zeeman effect in 
these bands will first be given. This will be followed by a detailed descrip- 
tion of the observable patterns and a quantitative comparison with the theo- 
ry, put in tabular form. Finally certain observed intensity relations will be 
correlated in a general way with the theory. 

General Features. Aside from a few lines near the origin for which patterns 
are resolved (see Table II), the Zeeman effect may be broadly described as 
follows. For intermediate values of K, say 4 to 10, a low field splits the high- 
frequency member of each doublet (i.e., each member of the P2, Qs, Re 
branches) into a diffuse doublet of width approximately equal to 2A», while 
the low-frequency members (i.e., P:, Q:, Ri branches) become diffuse bands of 
about the same total width (2Ay,). But as the field increases it becomes 
more natural to consider the pattern associated with the doublet as a whole, 
rather than the patterns of the individual lines. Thus the pattern associated 
with a no-field doublet consists of a broad central band, most intense at the 
edges, somewhat narrower than the no-field doublet interval. There is evi- 
dence also of outer components or wings on each side of the central band 
which grow fainter and farther apart as the field increases. 
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For higher values of K, the first apparent effect of the field is to widen 
the no-field doublets, with, however, a faint band extending from one mem- 


ber to the other, most intense at the center. In other words, the wings are 
at low fields the most intense part of the pattern. As the field increases the 
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Fig. 4. Reproductions of enlargements of the region near the origin. The head of the band 
is to the left. A second order plate was used at 8350 gauss (enlargement about 12 times), 
first order for the others (enlargement about 24 times); the scale differs slightly in the two cases. 
Lines are designated according to the value of K in the initial *I1 state; the usual line notation 
can be quickly ascertained by reference to Table I. Thus P (29) consists of the lines P; (304) 
and P2(293), the subscript 1 denoting in all branches the low-frequency member of the doublet. 
g indicates a “ghost” of the Mg atomic line \5183; the ghosts naturally vary in position and 
prominence with the order and the exposure length. The connecting lines follow the progress 
of patterns with change in field. Of the two lines designated by P; (1) the low-frequency one 
has J’=1} and is a diffuse doublet at low fields. At higher fields each member of the doublet 
becomes broader and at 28400 gauss each is resolved into 4 components (cf. Fig. 1B) though 
the left set is faint and obscured partially by other lines. The high-frequency one (J’ = 4) 
remains a sharp doublet of width 2Av, for all fields (cf. Fig. 1A). P; (2) gives a broad band 
(cf. Fig. 1C), the left half of which decreases in intensity as the field increases. The right half 
is resolved into 6 components at 28400 gauss (hardly visible in reproduction) of separation 
given by the theory. P(26), P(27) and P(28) illustrate the behavior of the wings with in- 
creasing field which was described under Fig. 3, and in the text. 


central band increases greatly in intensity at the expense of the wings which 
continue to move out. The latter remain distinct up to 20000 gauss and are 
discernible at 28000 gauss, their separation approaching 4Ay, as the field 
increases. 
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Comparison of theoretical and observed patterns. A detailed description of 
the observable lines of the band A5211 and, where possible, a quantitative 














TABLE I. 
Branch: P, Q, Ri P, Q2 R; 
K’: J'’—3/2 J'’—1/2 J'’+1/2 J"’—1/2 J'’+1/2 J''+3/2 





TABLE II. The theoretical patterns Of the lines in this table appear in Fig. 1; reproductions 
of the photographs of the P line patterns in Fig. 4. + or — in front of a number indicates a line 
to the high or low frequency side, respectively, of the no-field position. 





























See Field | Appearance of Comparison with theory Remarks on 
and Ar,|Zeeman pattern (cm) intensity 
Doublet width 
Calc. Obs. P Obs. Q 
P,(14) 8350 | Doublet 0.78 0.73 0.76 Approximately 
Q1(4) 0.39 same intensity. 
16000 | Doublet 1.50 1.34s 1.55 
K’'=1 0.75 
21500 | Doublet 2.02 2.04 
1.01 
28400 | Doublet; in P 2.66 1.32 =half-width 
1.33 | one member s, 
in Q both s. 
P,(23) 8350 | Diffuse doublet 0.78 0.85 
Q,(14) 0.39 
16000 | Very diffuse Width of P doublet components P pattern most 
K'=1 0.75 | doublet Calc. Obs. intense at outside 
Pos. 1.18 ..2 edges of doublet 
Neg. 1.18 * members; Q at in- 
side edges. 
28400 | Each member Position with respect Difference | Intensities in pos. 
1.33 | of above doub- to no-field P group about as 
let resolved| Calc. Obs. Obs. Calc. Obs. | 4:3:2:1 (high to 
into 4 compo- a Q (ave.)| low frequency); 
nents; distinct | +2.15 +2.22 approximately 
only in pos. P|} +1.65 +1.71 +1.74 0.50 0.51 | equal in pos. Q 
group. +1.11 +1.12 +1.13 0.54 0.60 | group; other 
+0.41 +0.51 +0.52 0.70 0.61 | groups faint and 
confused. 
—0.51 —0.34s —0.49 0.92 1.01 
—1.01 —0.93s 0.50 0.59 
—1.55 —1.56s 0.54 0.63 
—2.25 —2.19s 0.70 0.63 
Width of P pattern 
Calc. Obs. 
P,(34) 8350 | Unresolved 1.47 1.5 In P neg. half 
Q1(24) 0.39 | band slightly stronger 
16000 | Unresolved 2.81 3.0 Intense streak in 
K’'=2 0.75 | broad band center, esp. in Q. 
28400 | Pos. half of P| Position with respect Difference 
pattern resolved to no-field 
into 6 compo- Calc. Obs. Calc. Obs. 
nents (not re-| +2.47 +2.12 Intensities of 6 
solved in repro-| +1.93 +1.63 0.54 0.49 | components  ap- 
duction); neg. +1.42 +1.17 0.51 0.46 | proximately the 
half faint and| +0.95 +0.71 0.47 0.46 | same. 
confused. +0.52 +0 .34 0.43 0.37 
+0.15 +0 .06 0.37 0.28 














comparison of theory and observation are given in Tables II-V. For the 
most part only the appearance of the patterns for the three fields for which 
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calculations were made is described. The plates at 4770 gauss give little 
additional information, showing in all cases what one would expect in the 
transition from zero field to 8000 gauss. Similarly the patterns at 21500 


TABLE III. Theoretical patterns in Fig. 2; reproduction of P lines in Fig. 4. 














Lines Field 
Obs. and Avy 
P,(43) 8350 
to 0.39 
P,(8}) 
R,(54) 
R,(63) 
16000 
0.75 
28400 
1.33 
P(34) 8350 
to 0.39 
P»(93) 
Q2(43) 
Q:(63) 
Q2(73) 
R:(S}3) 
16000 
0.75 
28400 
1.33 





Description of Zeeman patterns and comparison with theory 
Unresolved broad bands; edges fairly definite in P and R branches, but 
very uncertain in Q branch. 





Width of band 


K’ Calc. bs. Obs. 
P R 

4 1.5 

6 1.57 1.5 

7 1.57 1.5 1.4 

8 1.57 1.5 1.4 


Unresolved broad bands. As K’ increases pos. half becomes relatively 
stronger and extends, with decreasing intensity, to the other member of 
the doublet; i.e., to the corresponding P2, Q2, R:2 line. Qualitatively con- 
sistent with theory. 


Unresolved bands. Neg. part very faint. Pos. part intense, shading off 
but extending to the other member of the doublet. Consistent with theo- 
retical pattern. 


Diffuse doublets; diffuseness increasing with K’. Intensities of two 
components approximately the same. Theory demands that the width of 
each component increase from 0.36 cm! at K’=5 to 0.60 cm at K’=9; 
this agrees with the observed increasing diffuseness. 


Doublet width 


Se Calc. Obs. Obs. Obs. 
P Q R 

3 0.78 0.68 

4 .78 .67 

5 .78 .66 0.65 

6 .78 .61 

7 .78 .63 .57 0.64 
& .78 .63 .58 

9 .78 .60 


P; lines obscured by higher P doublets. Observable R: and Q, lines 
correspond closely to the predicted patterns, consisting at K’=7 of two 
bands whose inside edges are separated by about 0 6 cm™, as the theory 
predicts. Neg. band shades into pattern of the other member of the 
doublet; i.e., the corresponding R; or Q; line. Pos. band weaker than neg. 


Pos. component of P2 doublet observed; remainder obscured. R2(5}4) 
much like predicted pattern; intensity of wing much less than that of 
neg. part. 


Position of wing with respect to no-field line 


K’ Calc. Obs. P Obs. R 
3 1.82 1.73 

4 1.91 1.80 

5 1.98 2.10 

6 2.02 1.96 

7 2.05 1.93s 1.9 














gauss interpolate between those at 16000 and 28400 gauss. Reproductions 
of the Zeeman patterns of some lines most favorably situated for observa- 
tion appear in Fig. 4. 
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Since no calculations of the intensity distribution within the patterns have 
been made, calculated separations are always figured from the theoretical 


TABLE IV. Representative theoretical pattern (K’ =14) in Fig. 3. 























: Field 
Lines and Ap, Description of Zeeman patterns and comparison with theory. 
Q,R 8350 No-field doublet forms a single broad pattern with intense diffuse 
doublets 0.39 | line showing through in neg. edge and doublet in pos. edge, as in 
for which lines of lower K’. Assuming the intense line near neg. edge is bc 
10<K’<20 in Fig. 3, its separation from the outside component of the doublet 
at the positive edge is as follows: 
K’ Calc. Obs. Obs. 
Q R 
11 2.26 
12 2.02 
13 2.05 
14 2.06 1.91 
15 2.03 1.95 
16 2.00 Lm 
17 2.00 
18 2.06 
16000 Intense outer components of pattern at 8350 gauss have moved 
0.75 out, becoming distinct wings, separated from, though less intense 
than the broad central band of approximately uniform intensity 
which fills the no-field interval. The wings are narrower than the 
theory indicates as well as the central band. For discussion of the 
discrepancy in the absolute width of the central band see text 
following tables. 
Width of central band 
x" Separation of Width of central |———-——- -——— 
wings band No-field doublet width 
Calc. Obs. Calc. Obs. Calc. Obs. 
Q R Q R Q R 
11 1.74 0.89 
12 1.58 0.99 
3 | 3.30 1.06 1.51 1.03 .98 
Mis.ma 3.2 .96 1.41 1.04 .94 
15 | 3.21 .88 1.04 
16 3.27 3.45 1.96 1.07 
28400 Central bands very intense. Wings observed in Q branch, but 
1.33 very weak. Central bands most intense at edges in Q branch; fairly 





uniform in R branch. 








Width of central band 
x” Width of central —--- 
band No-field doublet width 
Cale Obs. Calc. Obs. 
Q R Q R 
11 1.68 0.86 
13 1.24 1.50s 1.20 .80 
14 1.19 1.36 1. 66s 1.28 0.90 .90 
15 1.16 1.45s 1.42s Loy .99 .78 
16 1.33s .93 
17 1.46 1.64 .97 .90 
18 1.39 1.74s .98 .94 














“zero line” (M=0) of the unresolved patterns. Where the calculated width 
of an unresolved pattern is given, it is the interval between the extreme com- 
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TABLE V. Theoretical patterns in Fig. 3 (for K’=28); reproductions of some P 
doublets in this group appear in Fig. 4. 











: Field 
Lines and Ayn; Description of Zeeman patterns and comparison with theory 
P, O, R, 8350 A no-field doublet still appears as a doublet, widened, with a 
doublets 0.39 | fainter band extending between, most intense at the center. That is, 
for which nearly all of the intensity is in the wings. 
K’>20 Doublet or wing separation 
Calc. Obs. Obs. Obs. 
K’ P Q R 
21 2.38 2.01 2.31 
22 2.36 1.95 2.28 
23 2.38 1.96 2.26 
24 2.38 1.97 
25 2.38 1.96 
26 2.37 1.95 
27 1.69 2.37 1.95 
28 1.69 2.36 1.95 
29 2.37 1.92 
The poor agreement between calc. and obs. is not surprising since 
the predicted no-field doublet separation is less than one third of the 
observed value. See text. 
16000 Members of doublet observed at 8350 gauss have moved out, 


0.75 their separation approaching 4Ay,. The central band is now more 
intense than the wings, its intensity being slightly greater at the 
edges. Its width is somewhat less than the no-field interval. The 
wings are narrower than the theory indicates; but the pos. wing is 
sharper and more intense than the neg. which agrees with the 
theoretical pattern. 























Width of central band 
ty Separation of Width of central 
wings band No-field doublet width 
Calc. Obs. Calc. Obs. Calc. Obs. 
P Q P Q P Q 
21 3.64 3.18 1.34 .95 
22 3.47 1.78 1.25 94 91 
23 3.38 1.27 95 
24 3.47 1.71 91 
25 3.27 1.68 1.30 89 § .96 
26 3.44 3.08 1.75 1.24 .93 91 
27 | 3.08 3.50 .60 1.60 1.15 .86 
28 | 3.02 3.36 .57 1.61 1.30 1.16 .86 .94 
29 3.57 1.78 1.20 94 91 
28400 Strong central band practically filling no-field doublet interval. 


1.33 Wings very faint and separated by about 4Ay,. Pos. wing slightly 
more intense than neg. 























Width of central band 
K’ | Separation Width of central . 
of wings band No-field doublet interval 
Cale. Obs. | Calc. Obs. Cale. Obs. 
P P Q P Q 
25 1.36 i.32 .99 .98 
26 5.63 1.93 1.29 1.03 .95 
27 | 5.27 5.45s} .70 1.69s 1.30 1.35 91 .96 
28 | 5.25 5.63 .67 1.82 ay 1.09 
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ponents. In measuring such a pattern, one cannot tell where the exact posi- 
tions of the extreme components are and measures to the edge of the black- 
ened portion of the plate. Hence measured widths should be slightly higher, 
perhaps 0.1 cm, than calculated widths. 

In these tables “pos.” means “high-frequency,” “neg.” means “low-fre- 
quency.” “s” indicates that the line in question is superimposed on another 
or confused with others so that measurements are at best questionable. The 
connection between K’ and J”’ is given in Table I. 

The most serious descrepancy between theory and observation appears in 
the width of the central band in the patterns for the higher rotational doub- 
lets (Tables IV and V). The theory gives approximately the actual separa- 
tion of the wings, but the predicted width of the central band is less than the 
observed. Qualitatively theory and observation agree, for each indicates 
that the central band practically fills the no-field interval at high fields. (Cf. 
Fig. 3 and Fig. 4.) It is the size of this interval, obtained by setting the field 
equal to zero in Hill’s Eq. (22), which the theory underestimates. The cause 
of the discrepancy is ostensibly the same as that which is responsible for the 
fact that in the absence of a magnetic field the doublet separation does not 
decrease to zero for large values of K, but rather approaches an asymptotic 
value (about 1.85 cm! in the P branch). This phenomenon has been termed 
“rho-type doubling” by Kemble and by Mulliken and is attributed to a sort 
of “magnetization by rotation” of the molecule which is of importance only 
in 2 states. It has been investigated theoretically by Van Vleck,® but as yet 
it has not been shown that this theory will give quantitatively the results 
found in MgH. 

Intensity relations in Zeeman patterns. Certain rough correlations may be 
made between observed intensities and (1) the calculated distribution of 
components in the unresolved patterns, and (2) relative orientations of S and 
K, and S and field in the two molecular states involved in the transition. 

In the first place it may be noted that the blocks in the theoretical pat- 
terns of P2, Qe, Re, lines are in general considerably narrower than in the P,, 
Q,, Ri patterns. This greater concentration of the components should result 
in greater intensity in the observed patterns. As experimental confirmation 
the following observations may be mentioned: 

(1). For intermediate values of K’ (3 to 10) at 8350 gauss the P2, Qe, 
R, doublets are sharp and more intense than the corresponding P,, Q;, Ri 
patterns, indicating that they do actually represent more concentrated groups 
of components (cf. Fig. 2 and Fig. 4). 

(2). As K’ increases the wings become sharper. Where both are observ- 
able the high-frequency one is perceptibly sharper than the low-frequency 
(cf. Fig. 3B and Fig. 4, H=16000). 

(3). The wings are usually much narrower than their predicted widths, 
which may be partially due to non-uniform distribution within the patterns; 
the less concentrated part may be simply under-exposed on the plates (cf. Fig. 
3, K’ =14). 


® Van Vleck, Phys. Rev. 33, 467 (1929). 
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Finally we shall consider the relations between intensities and relative 
orientations of S and K,and S and H (field) in the two states. For the pres- 
ent these relations must be regarded as purely empirical. Starting from zero 
field the first apparent effect of the field is merely to widen the doublets; in 
other words, practically all of the energy is in the wings. This means that at 
low fields the anti-parallel orientation of S and K in the initial *II state com- 
bines almost entirely with the final ?2 substate in which S is anti-parallel to 
H, while parallel S and K combines almost entirely with parallel S and H. 
This effect is most pronounced in doublets of large K’. 

As the field is increased this rule breaks down, for the wings decrease in 
intensity, while the central band increases. That is, anti-parallel S and K 
combine more and more readily with parallel S and H, while parallel S and K 
combine with anti-parallel S and H. This is to be regarded as the beginning 
of the Paschen-Back effect; for as the field is increased without limit the state 
in which S and K are anti-parallel is replaced by the state in which S, 
torn loose from A, lies parallel to H, while the state in which S and K 
are parallel goes into the state in which S lies anti-parallel to H. Ob- 
serving the rule AM,=0 which holds at very high fields, one sees that the 
wings, corresponding in this case to AM, =1, are produced by very im- 
probable transitions and should be very weak. Such is the observed behavior, 
the wings being very much fainter than the central band at 28400 gauss. See 
the preceding paper fora discussion of the Paschen-Back effect tobe expected. 

It is also observed that in the pattern of a given line the parts nearest the 
no-field position of that line are most intense. Thus the low P;, Q;, R; pat- 
terns are strongest at their centers; the low P2, Qe, R, doublets shade away 
from the no-field line (this may account for the rather too small observed 
separation in the P, doublets at 8350 gauss, Table IV; it is very pronounced 
in the observable Q, doublets). In general, throughout the band, patterns 
shade away from the no-field position. We can state this behavior in terms 
of the orientation of Sand Has follows. The *II magnetic substates in which 
S has a component parallel to H combine more readily with the *2 substate 
in which S is parallel to H (M,= +4) than the substate in which S is anti- 
parallel to the field (M,= —}3), while the *II substates in which S has a com- 
ponent anti-parallel to H combine more readily with the substate in which 
M,=-—}. 

We wish to express our appreciation to Dr. E. L. Hill for many discus- 
sions of the application of the theoretical results. We are also greatly in- 
debted to the Milton Fund of Harvard University for financial aid which has 
enabled us to carry on this work. 
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ABSTRACT 


Second and third order grating photographs of helium (A\6400, 5733, 4546 
and others) having the 2°II state as their final electron level show fine structures in 
the band lines. The 3°II— 2°> bands (A\4650, 4670) show no evidence of fine struc- 
tures in their lines. The observed results can be completely explained by assuming 
that each rotational level of the 2°II electron state has a characteristic partially 
resolved fine structure, as shown in Fig. 3, but that the fine structures which pre- 
sumably exist for the other electron states involved (2°2, 3°, 4°Z, 3°II, etc.) are much 
narrower and completely unresolved in our work. There are two types of fine struc- 
tures in the 2°II levels, one for the odd K values (A levels), another for the even 
K values (B levels). The theoretical interpretation of the observed fine structures 
as partially resolved triplets is discussed. 

The Zeeman effect of the 46400 band (3°=— 2°II) was investigated at three field 
strengths. In the field, the original fine structures disappear, and the Zeeman patterns 
which replace them are found to be in excellent agreement with those predicted for a 
12 ']1 transition. Thus it is evident that the effect of the spin (S=1) which gives 


rise to the original fine structure is completely overpowered by the external field 
(Paschen-Back effect). 


INTRODUCTION. THEORETICAL EXPECTATIONS 


S IS now well known, the electron levels of He, fall into two systems, 

par-He, and ortho-Hez, paralleling the par-He and ortho-He terms. The 
ortho-He, and par-He; levels probably, on theoretical grounds, respectively 
correspond to S=1 and S=0 like the analogous atomic levels.!? S is the 
quantum number of the resultant spin. 

In the ordinary states of the He atom, we have one 1s electron and one 
“series” electron. Each has a spin quantum number 1/2, thus giving the two 
possible S values 0 and 1. In the observed states of the He. molecule, two 
electrons are undoubtedly in 1so¢ orbits forming a closed shell.! This leaves two 
outer electrons, namely the series electron, and one other which according to 
Weizel! is in a 2p0 orbit. These two should give S=0 and 1 as in the atom. 

According to theory one would expect a triplet fine structure, but a very 
narrow one because of the smallness of the nuclear charge, in the ortho-He 
levels (S=1) with L>0,? while the par-He levels (S=0) should be single. 
These predictions are in agreement with experiment. Also, one would expect 
the triplet separations in the ortho-He levels to diminish rapidly with increase 


1 Cf. especially W. Weizel, Zeits, f. Physik 51, 328; 52, 175; 54, 321 (1928-9). 
2 Cf. W. Heisenberg, Zeits. f. Physik 39, 499 (1926) and F. Hund, Linienspektren und 
Periodisches System der Elemente, p. 136-7, J. Springer, Berlin (1927). 
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in # or l of the series electron. The 152, *P helium term should, and does, 
show the largest separations. (*P)»>—*P;, Av=0.991, *P,—*P2, Av=0.077; 
3P. lies below *P; and *P; below *P, in the energy level diagram). As com- 
pared with msnp triplets of heavier two-valence-electron atoms, the separa- 
tions here are very small, and the order of the levels is inverted and distorted. 
The latter peculiarities are explained as follows.” (1) The interaction energy 
which differentiates the members of a triplet consists of three terms, (a) the 
energy of interaction of s; with /,, (b) interaction energy of se with Js, (c) inter- 
action energy of s; and Ss (Ss; is the spin of the 1s electron, s, and /, are the spin 
and / of the series electron). (2) For the lightest atoms, the three energies are 
of the same order of magnitude, while for heavier atoms (s,/) and (sis2) are 
negligible compared with (s:/). (3) The energy (s,/) is negative while (s2/) is 
positive; for helium, the former is numerically larger than the latter so that 
3P, lies below *Po, instead of above it as in the alkaline earth metals. (4) The 
(sise) energy is different for *P, than for *P» and *P2, and causes *P; to be dis- 
placed downward relatively to *P2; in 2°P of helium, this displacement is such 
as to cause *P, to come close to *P». 

Just as in the corresponding atomic levels, one would theoretically expect 
the par-He, levels to be single and the ortho-He, levels to have a triplet fine 
structure. The expected relations are, however, made somewhat more com- 
plicated here by the molecular rotation. For (the hypothetical case of) a 
rotationless molecule one would expect fine structures only if A>0,as is the 
case for II, A, - - - states (A=1, 2, -- - ), corresponding to 7, 6, - - - orbits of 
the series electron. The separations should be of about the same order of 
magnitude as in the ortho-He levels, and should diminish in a similar way 
with increasing and / of the series electron. One would probably expect to 
find the largestseparations in the1so?2pa02p7,*II state. The separations should 
depend, as in the He atom, on three interaction energies (Sil2), (Sele), and 
(siS2), where s,; refers here to the spin of the 2p0 electron and s2 and /, to the 
s and / of the 2pm electron (J=1). The magnitudes of these three energies 
cannot very readily be estimated, but it is evident from the different charac- 
ter of the electron orbits that they might, relatively and absolutely, be con- 
siderably different than for the 152), *P state of He.* 

For a rotating molecule, triplet fine structures are to be expected even if 
A=0, while for A>O the fine structures should be greatly modified by the 
rotation. The fine structures for the case A=0, S=1 (82 states) have been 
discussed theoretically by Kramers.‘ For each value of the rotational quan- 
tum number K, except K =0, there should be a narrow group of three levels 
(J=K,K+1). The energy differences here depend entirely on differences in 


’ Other things being equal, however, the separation *I1,—*IIp would tend to be smaller by 
a ratio 2/3 than a corresponding separation *P;—*Po, since the separate axis-quantization 
of / and s multiplies the coupling energies (s,/) and (s2l) by a factor 2/3 as compared with their 
values for direct coupling of / and s as in atoms: cf. R. S. Mulliken, Phys. Rev. 33, 742 (1929). 
The axis-quantization of s must also alter the form of the energy (s,52), as compared with the 
coupling which exists in atoms. 
‘*H. A. Kramers, Zeits. f. Physik 53, 422 (1929). 
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the (sis) energy: this is practically the same for /=K+1 and J/=K-—1, 
except for very small K, but differs for J = K from its values for J/=K +1 by 
an amount nearly independent of K.® Relations in agreement with this are 
found in the rotational levels of the *2 normal state of O2. Since the interaction 
energy (sis2) varies, other things being equal, inversely as the cube of the 
distance between the two electrons concerned, one expects the largest separa- 
tions for the smallest m values of the series electron. By analogy with Ox, 
where the distances between the electrons are comparable with those in the 
lowest *2 levels of He2, one might reasonably expect measurable separations 
in the 1se?2po2so, *2 and the 1so?2pa3po, *> ('u) states of He2, but very pro- 
ably not in any of the more excited states. No definite prediction of measurable 
separations can be made, however, even for the two *2 states mentioned, 
without detailed calculations which are hardly possible at present. As a 
matter of fact, the data given below indicate no measurable separations in the 
2sa, *> state. 

For a rotating He. molecule with A>0, we have Hund’s case J, since the 
coupling energy of LZ and S is too small to resist the tendency of the rotation 
to cause S to become uncoupled from the electric axis and coupled to the 
rotation axis. Thus we have, as for A=0,a rotational quantum number K, 
and J=K,K+1. For the lowest K values, the interaction of L and S should 
give a small interaction energy,—smaller, however, than for a rotationless 
molecule, and rapidly diminishing with increasing K. For larger K values the 
(sise) energy should alone be of importance. If, however, there is an apprec- 
iable tendency toward Hund’s case d (uncoupling of / from the electric axis), 
small (/s) energy terms should appear even for large K values, but since case 
d occurs only for large m or 1 values, no measurable fine structures are to be 
expected in practise from this cause. 

The foregoing considerations need to be supplemented by admitting the 
possibility of abnormally large fine structures in isolated cases of particular 
rotational levels. This phenomenon may be expected in so-called perturbed 
levels, where there is an interaction between rotational levels belonging to 
different electronic states of the molecule.®: ” 


5 Besides the (s,s2) energy, there is another interaction energy which tends to produce 
a differentiation of the three levels J/=K, K+1. This is the energy of orientation of the spin 
in the small magnetic field parallel to K produced by the rotation of the nuclei. But this energy 
is negligible, since it is of the order of mK /2M (m=electron mass, M=nuclear mass) times 
as large as the very small energy of interaction of the spin of one electron with the orbital 
motion of another for an orbit having dimensions similar to those of the distance between 
the nuclei. 

6 For an example of this phenomenon in the upper 22 levels of the CN molecule, cf. F. A. 
Jenkins, Phys. Rev. 31, 554-5 (1928). Here, for certain K values, the ordinarily very narrow 
spin doublets (J = K + 1/2) show large separations. 

7 Cf. G. H. Dieke in regard to perturbations in He, (Nature, March 23, 1929). Dieke 
discusses the splitting of the 4x, *II term and suggests that it corresponds to the expected 
spin fine structure. 
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COMPARISON WITH EXPERIMENT, EXPLANATION OF RESULTS 


Previously to the present work, no evidence of triplet structure in the 
ortho-He, levels had been reported, except in the case of certain perturbed 
rotational levels of the 4pz, ‘II and 57, ‘Il electron states. Dieke first pointed 
out’ that there is evidence in the 4)7, ‘II levels of the predicted triplet struc- 

















| ae 


Fig. 1. Enlargements of \6400 band from second order grating photographs. Strip 
g shows the band as a whole; strips a, 6, c, d, e, f, show the Q branch as a whole, on a larger 
scale, together with the first two lines of the P and R branches. The various strips correspond 
to different fields and states of polarization as follows: 6, f, g: no field; c, d, e, parallel polariza- 
tion, increasing field strength, with H =30,500 gauss in e; a, perpendicular polarization, 
H =30,500. The enlargements for a to f were made on nearly, but not quite, the same scale, 
and are fitted together so that the center of gravity of the Q(1) line is matched up as well as 
possible on the different strips; similarly with the P and R lines, which were each cut out sepa- 
rately from the original photographs, in order to save space. 


ture. According to Curtis and Long, and Curtis and Jevons,' the line Q(9) in 
the 4p7, *II—>2se, *> band is a doublet with the low-frequency component 
stronger. The doublet separation is relatively large: the measured Ap is 
6.5 cm~ in the 0,0 band, 6.8 cm~' in the 0,1 band, and 6.6 cm~' in the 1,1 band. 


8 W. E. Curtis and R. G. Long, Proc. Roy. Soc. 108A, 531-2 (1925); W. E. Curtis and W. 
Jevons, Proc. Roy. Soc. 120A, 117, 124 (1928) 
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Since it is known, from its absence in other bands ending on the 2°D levels, 
that the perturbation is not in the latter, it is evident that it is characteristic 
of the A level with K =9 of the 4pm, *II state. (The A levels are involved for 
the Q branch, the B levels for the P and R branches). Strange as it seems at 
first sight, the perturbation is apparently approximately the same in the 
vibrational levels v=0 and v=1 of 4p7, *II. In addition to the facts already 
mentioned, Curtis and Jevons state (reference 11, p. 124) that the stronger 
(low-frequency) component of the Q(9) doublet in the (1,1) band appears to 
be itself double. If this is correct, the Q(9) line consists of a triplet whose com- 


TABLE I. Fine structures in helium band lines. 
A. Doublet separations Av for lines ending on A levels of 2px, *II state. 























0400 i«( 5 4G 5733 
K Q Q Ra Qa P, Average 
1 0.34 0.40 (masked by Q(11)) — — 0.36 
3 0.28 0.31 0.26 0. (faint) 0.29 
5 0.26 0.30 0.25 0.25 0.29 0.27 
7 0.29 0.20 0.25 0.20 0.29 0.25 
9 0.24 0.20 0.22 
11 0.22 
13 0.26 
B. Fine structures for lines ending on B levels of 2prx, *II state. 
—e 6400 ; 4546 oan — $733 7 7 
P R P R Rp Og Pp Average 
2 Av =0.28 0.24 (double, faint) (faint) 0.34 0.37 — Av=0.31 
4 All lines symmetrically broadened (broad) 
6 “ + oe “ 
be “ cy “ “ oe 











Notes. (1) The K values are those of the rotational levels of the 2pz, “II state, which are 
common to all the bands \A6400, 4546, 5733. (2) All Av values given are weighted means of 
careful measurements on from two to four different plates, all the measurements having been 
made by one person. The measurements have also been checked by another observer. They 
should not, however, be considered at all accurate, since the doublets measured are in most 
cases barely resolved. The average doublet separation given in the last column is a weighted 
mean which we take to be characteristic of the 2pz, ‘II rotational level. (3) Lines marked 
“faint” were too weak for a reliable determination of structure. (4) For all doublets ending on 
A levels, the intensity ratio was about the same (about 2:1 to 3:1, as estimated visually, in 
favor of the higher frequency component). For the doublets ending on the B level with K =2, 
the visually estimated ratios were about 3:1 to 6:1, with the high-frequency component 
stronger. 


ponents are approximately equal in intensity, and the A level K =9 of 4p7, 
3II consists of a similar triplet. Such an abnormally spaced triplet is reminis- 
cent of the 2°P triplet of the He atom, although the triplet is much wider here. 
The nearly equal intensity of the triplet components in Q(9) is as expected, 
since they correspond to the J values 10, 9, 8, whose statistical weights 
(2J+1) are nearly equal.—In the 57, *II—2se, *2 band, according to Curtis 
and Long, the line Q(5) of the 0, 0 band isa doublet with the high-frequency 
component stronger. The explanation is presumably similar to that just given. 

The present work arose from theoretical considerations above indicated, 
and from the observation that the lines of the \ 6400 band (3s¢,32—2p7,'II), 
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in preliminary photographs taken by Mr. L. E. Pinney with the 21 foot Row- 
land grating (14,438 lines per inch) in connection with a projected investiga- 
tion of the Zeeman effect in He2, appeared unusually broad as compared with 
the lines of other He, bands. Second and third order photographs taken by 
the present writers showed that the lines of this band, and of other bands end- 
ing on the 2p7,,'II level, do indeed have a fine structure. 

In the Q branch of \6400 (second order photographs), the fine structure 
consists of narrow doublets, whose width decreases slowly with increasing K 
(cf. Table I and Fig. 1b). In each doublet, the high-frequency component is 
the stronger, the intensity ratio being the same, so far as could be estimated, 
for all values of K(cf. Fig. 1b). Visual estimates indicate about 2:1 or 3:1 for 
the value of this intensity ratio. 

In the P and R branches, the first line consists of a strong component with 
a weak satellite very close to it on the low-frequency side (cf. Table I), the 
intensity ratio being much greater than for the Q lines. The remaining lines of 
the P and R branches are all abnormally broad, as compared with, for exam- 
ple, the individual components of the Q lines, or with lines of some of the other 
He: bands. The broadening is, so far as can be seen, completely symmetrical, 
with a practically uniform intensity over an appreciable width near the cen- 
ter of the line (this was confirmed by photometer traces). This symmetrical 
broadening might be ascribed to an unresolved doublet or triplet structure. 

The A4546 band (4s¢,32—>2p7,,5I1), as studied in third order photographs, 
shows fine structures which are, within the error of their experimental deter- 
mination, identical with those in \6400 (cf. Table I). This identity indicates 
that the *> levels (3s¢,3= and 4sc¢,*Z) do not influence the observed fine struc- 
tures. Hence it seems probable that, within the error of the present measure- 
ments, the 2p7,,'II levels alone have fine structures of appreciable magnitude, 
—a conclusion which is in harmony with the theoretical considerations pre- 
sented in the preceding section. A careful examination of the 3p7,*II°— 
2sa,5Z° and 3p7,*II'—+2se¢,5E! bands AA 4650 and 4670 (the superscript on the 
right is the vibrational quantum number) gave no evidence of fine structures. 
This indicates, although it does not prove conclusively, that neither the 
2s0,3> nor the 3p7,,*II levels have fine structures of appreciable size, for either 
of the vibrational quantum numbers 0 or 1. This is in harmony with the the- 
oretical considerations, although the absence of fine structures in the 2s¢,52 
state is somewhat more surprising than their presence would have been. 

Having found, in the \6400 and 44546 bands, fine structures apparently 
characteristic of the 2p7,'II state, it seemed desirable to confirm these by 
measurements on other bands ending with this state. For this purpose the 
45733 band (3d5,3A—+2p7,°I1) was the most suitable, and measurements were 
made on second order plates. In this band (six branches) a P,a Q and an R 
transition occur to (nearly) every rotational level, of both the A and B types, 
of the *II state; whereas in the \6400 and 44546 bands (three branches) the 
‘JI A levels are represented only in Q branch transitions, and the ‘II B levels 
only in P and R branch transitions. The relations between band lines and 
rotational levels for all three bands are shown in Fig. 2. 
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If the fine structure patterns are determined exclusively by fine struc- 
tures in the 2°II rotational levels, every line ending on a given 2°II level should 
show identically the same pattern (including intensity relations) in all bran- 
ches of all bands involving this level. For example, the lines Q(3) of 46400, 
Q(3) of 44546, and R(3), Q(3) and P(3) of \5733, which all end on the A 
level K =3 of 2°II, should all look alike. Experimentally it is found that all 
these lines,—except P(3), which is too faint for study,—consist of a doublet 
with Avy =0.29 + 0.03 and with the high-frequency component about twice as 
strong as the other component.® The lines ending on other A levels show simi- 
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Fig. 2. The figure shows, for the lowest four levels of the 27, ‘II state, how the lines of the 
various branches in the \\6400, 4546, and 5733 bands are related to the rotational levels 
(cf. ref. 10). The spacings of the levels are not to scale (for the true spacings in the ‘II state, 
cf. Fig. 3). 


lar agreements (cf. Table 1).* Similarly all the lines ending on the B level K = 
2 consist of a doublet of width 0.31+0.05 whose high-frequency component 
is much stronger than the other (cf. Table I).® Again, all lines ending on other 
B levels show unusual breadth, but no resolvable fine structure. 

In the last column of Table I, the results obtained for each K level of the 
25II state have been averaged, since we believe that these results are charac- 
teristic of the latter. In the energy level diagram Fig. 3, the 2°II rotational 
levels are shown, together with their fine structures on an exaggerated scale. 
The diagram is drawn in such a way as to show the statistical weights of 


® In our preliminary account in Nature (124, 91, (1929)), we stated that the separations 
appeared to be smaller in some of the \5733 lines, thus indicating a fine structure in the 
3dé, *A levels. Careful remeasurement shows, however, that this is not the case within the error 
of measurement, which is, however, (relatively) large because of the small separations. 
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the various fine-structure levels, as indicated by the intensities in the fine 
structure patterns of the band lines. We shall return shortly to the inter- 
pretation of these statistical weights in terms of J values. 

In addition to the bands \A6400, 5733 and 4546, the bands A5880 (3dz, 
3]I1—2pr,I1) and 44440 (4dr,*II—2p7,I1) were found to contain evidences of 
fine structure, although these bands were too faint for good measurement on 
the plates available. In \5880, all the observable lines of the P and R branches 
showed evidence of doublet structure with the high-frequency component 
stronger; the Q lines were too faint for observations on their structure. In 
4440, the P and Q lines were too faint, but the R lines showed doublet struc- 
ture as in 45880; a measurement on R(1) gave Avy = 0.24 cm~!. These observa- 
tions on 44440 and A5880 are, qualitatively at least, in harmony with the idea 


8 B_ 897 
A 7 

7 
68 
B 6275 


—____—_—_— 


1K Jt 


Fig. 3. Empirical fine structures of rotational levels of 2px,°Il state of Hes, together with their 
interpretation in terms of J values. 


that the fine structures are due to the 2°II levels alone. Other bands ending 
on the 2°II levels were too weak for observation on our plates. 

Returning to Fig. 3, the 2°II fine structures may be interpreted as follows. 
According to theory (cf. first section), one expects for each value of K a fine 
structure with three levels (J=K, K +1), each having a statistical weight 
2J+1 (equal to the number of possible orientations in an external magnetic 
field). Suppose, for a given K, the levels with J = K +1 approximately fall 
together, while J = K is distinct; the composite J = K +1 then has a statistical 
weight 4K +2, which is just twice the weight 2K +1 of the level J/=K. This 
supposition accounts well for the observed relations in the A class of rota- 
tional levels. To explain the B level fine structures we may assume that J = K 
and J=K-+1 approximately fall together for K=2, while J=K-—1 lies 
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higher; but that for K =4, 6,-- - the three levels J=K, K+1 are approxi- 
mately equally spaced, with a spacing which is large enough to give an ob- 
servable broadening, but not large enough,to give a resolvable fine structure. 
The assumption made for K =2 would give a 12:3 ratio of statistical weights 
for the two components, in harmony with the estimated experimental ratics 
for the lines ending on this level. 

Just why the A and B levels should show such different fine structures is 
not evident, but from the introductory discussion it can be seen that the 
fine structure of any level should be determined by the algebraic sum of 
different interaction energies not all of the same sign, so that the final result 
might well be greatly influenced by small changes in the individual inter- 
action energies. The fine structures observed for the A levels are apparently 
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a b 

Fig. 4. (a) Side view about one-half real size, of discharge tube for Zeeman effect of He. 
bands. The dotted circle shows the position of the ends of pole pieces. The shaded portions 
indicate aluminum electrodes, tapered at the ends (see b). The dark shaded region at the 
center indicates the extent of the area where the discharge takes place in the field. At the left 
(not shown) is an enlarged portion of the tube to act as a reservoir of He (pressure 1.2 cm Hg). 
At the right is a flat glass window fused to the tube. 

(6) Cross section of tube at axis of pole pieces, showing depressions in sides of tube to 
admit poles. The dotted lines indicate the magnet poles. Pole gaps of 5 mm to 7 mm have 
been used with these tubes. 





‘ 


similar to those for *2 states (cf.p.1531 above),where onlyan (s,s2) interaction 
energy is involved. But the fine structure observed in the B level K =2, as 
interpreted in the preceding paragraph (cf. Fig. 3), is closely analogous to that 
observed in the 2 *P state of the helium atom, where an (s,/) and an (s2/) 
interaction are of importance as well as an (s)52) interaction. 


ZEEMAN EFFECTS 


A study of the Zeeman effect for some of the bands discussed above 
seemed of interest. At low fields one would expect each fine structure com- 
ponent to show characteristic Zeeman patterns, while at high fields one would 
expect a Paschen-Back effect, giving rise to Zeeman patterns identical with 
those of par-He, bands. The results of a study of the 46400 band (3s¢0,52— 
2p7,*II) in magnetic fields of various strengths are reported below. 
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The preliminary experiments on the Zeeman effect of the helium bands 
were made by Mr. L. E. Pinney, who designed and constructed the discharge 
tube shown in Fig. 4. Although this source is faint, it has the advantage that 
almost the entire discharge between the electrodes is in the pole gap, parallel 
to the field. Under the proper conditions, the light which reaches the slit is 
from the center of the space between the pole pieces. Current of a few milli- 
amperes from the secondary of a 1/2 K. V. A. transformer was used, with the 
usual spark gap in series, to excite the He, bands. 

The 46400 band was photographed in the second order (1) without field 
(2) at two (undetermined) moderate field strengths (3) with a field of 30,550 
gauss (determined by comparison with atomic helium lines). The two photo- 
graphs at moderate field strength were taken in the parallel polarization, 
while the strong field patterns were photographed both in parallel and in 
perpendicular polarization. The appearance of the most important lines of 
the band under these various conditions is shown in Fig. 1, while measure- 
ments on the strong-field plates are given in Table IT. 


TABLE II. Zeeman effects in He, \6400 (H =30,550 Gauss). 








. Polarization : Polarization : Polarization 
Line Par. Perp. Line Par. Perp. .Line Par. Perp. 
R(10) s Q(13) s P(10) d slb 
8 slb s 11 b s 8 d b 
6 b b 9 b s 6 d b 
4 b b 7 vb s 4 b double 
(0.34) 
2 vb vub™ 5 double b 2 b double 
(0.64) (0.86) (0.29) (0.76) 
3 double* vb** 
(0.71) (0.51) 
1 double* triple** 
(1.44) (1.51) 
































General notes: In all branches, the lines get narrower with increasing K. The numbers 
given under the description of a line give its over-all width, or in the case of doublets, the 
apparent doublet separation. )}, s, v, d, and si respectively stand for broad, sharp, very, diffuse, 
and slightly. For intensities, cf. text. 

Special notes: *This line is faintly double. *The high-frequency component of the Q(3) 
doublet and the low-frequency component of the Q(1) doublet fall together. **The low- 
frequency component of the Q(1) triplet falls on the edge of the broadened Q(3) line, and is not 
clearly distinguishable from the latter. 


For high field strengths, the observed structures are in excellent agreement 
with those predicted for a '2— II transition." In particular, the line Q(1) 
appears to be a symmetrical triplet of width Avy = 1.46, in agreement with the 
theoretical value" Av =Avyorm=1.43 for H=30,550 (Avnorm=half-width of 
normal atomic triplet). In perpendicular polarization, the middle component 
and the high-frequency component appear as sharp lines with a separation 
(1/2) Avnorm (cf. Fig. la), the former being about twice as strong as the latter, 
in agreement with the theory; the low-frequency component falls at the high- 
frequency edge of the broad unresolved pattern of Q(3), and so cannot be 


10 Cf. R. S. Mulliken, Phys, Rev. 28, 1209 (1926). 
1 Cf. W. E. Curtis and W. Jevons, Proc. Roy. Soc. 120A, 110 (1928). 
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separately identified. In parallel polarization (Fig. 1e¢), the middle component 
is absent, in agreement with the theory, while the high-frequency component 
appears at the same position as in perpendicular polarization; the low-fre- 
quency component approximately coincides with and intensifies the high- 
frequency component of Q(3), which here in parallel polarization is essentially 
a doublet (see below). At lower field strengths, where the Q(3) pattern no 
longer overlaps it, the Q(1) line in parallel polarization appears distinctly as a 
doublet (cf. Fig. 1c, d). 

The Q(3) line should according to theory" appear in parallel polarization 
on the strong field plate as a doublet of width Avy=(1/2)Av,.-m=0.71. 
(Really there should be seven components, but only the outermost should be 
strong.) The observed interval between the high and low frequency com- 
ponents of this line [as already mentioned, the high-frequency component 
coincides with the low-frequency component of Q(1)]—is Avy=0.71. In per- 
pendicular polarization, the Q(3) line is merely broadened (width 0.50 cm~*) ; 
this is in agreement with the theoretical prediction of a pattern of seven com- 
ponents with the middle ones strongest. The Q(5) line in parallel polarization 
appears as a narrow doublet, while all the other Q lines appear merely broad- 
ened, less and less so as K increases. This is all in harmony with the theory. 
—Without going into details, it may be said that the behavior of the P and R 
lines at high fields is also in excellent agreement with the theory for a '2—'Il 
transition (cf. Table II and Fig. 1a, e; and ref. 11 for theory). 

On the two plates taken in parallel polarization at lower field strength 
[probably about 10,000-15,000 gauss, judging from the Ay values in 
Q(1)], all the lines appear single and fairly sharp, except Q(1), which is a 
doublet, and R(2), which is perceptibly broader than the other R lines (cf. 
Fig. lc, d). Even Q(3) shows little if any broadening. The doublet separations 
in Q(1) are 0.71 and 0.88 on the two plates. The high frequency component 
of the doublet appears to be stronger and perhaps broader than the low- 
frequency component. Except for this, there is no indication of the zero- 
field fine structures. 

Evidently the Paschen-Back effect becomes practically complete at mod- 
erate values of the magnetic field, as might indeed be expected in view of the 
narrowness of the original fine structures (Av~0.3 cm~'). Comparative 
measurements were made of the positions of the centers of the various band- 
lines (or their Zeeman patterns) in magnetic fields and with zero field. In all 
cases, the position of the center of the line in the field agrees, within the errors 
of measurement, with the center, or center of gravity in the case of the Q lines 
and P(2) and R(2), of the corresponding line with zero field. This is in agree- 
ment with what would be expected for a Paschen-Back effect. The results are, 
however, hardly more than qualitative, on account of the narrowness of the 
original fine structures and because we are dealing with differential measure- 
ments. 

Further work on the Zeeman effect in He, is being carried on by Mr. J. S. 
Millis. 
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ABSTRACT 


According to the Franck-Condon theory for the dissociation of molecules by 
light, we should also expect that two colliding atoms may recombine with the emission 
of light. This should occur if conditions are arranged so that there are appreciable 
quantities of the free atoms present. Experiments were carried out with flames of 
chlorine and hydrogen and hydrogen-oxygen flames containing the halogens. Spectra 
of these flames are found to be continuous extending into the ultra-violet. It is shown 
that the violet limits of these spectra are in agreement with the hypothesis that they 
are due to the recombination of the normal and excited halogen atoms. Calculations 
show that there are enough collisions of this type in our flames to account for the 
intensity of the light emitted. 


T IS well known that the absorption spectra of certain molecules, of 

which the hydrogen halides are examples, are continuous, with no indication 
of any band structures whatsoever and that the absorption spectra of other 
molecules of which the halogens are examples are partly continuous and part- 
ly typical band spectra. Franck! suggested that these continuous spectra 
were due to the dissociation of the molecule by light so that the higher 
energy states are continuous and further that the appearance of this con- 
tinuous spectrum and the dissociation processes depend upon the shape and 
relative positions of the two potential energy curves as a function of the in- 
ternuclear distance in the case of the initial and final states. Condon? extend- 
ed this theory to include the distribution of intensities for the different vi- 
brational quantum number changes in band spectra, and recently has dis- 
cussed these continuous spectra using the Schroedinger wave mechanics. He 
shows that the new and older theories give qualitatively the same results, but 
the new theory enables him to predict the distribution of intensities in the 
continuous part of these spectra. 

According to Franck the absorption of light by the halogens results in the 
dissociation of these molecules into a normal and an excited atom. It is evi- 
dent that the reverse process must also be possible so that a normal and an 
excited halogen atom should recombine with the emission of light to form a 
normal or excited molecule. Kondratjew and Leipunsky*® have reported 
that they have observed such a spectrum from the halogens heated in a 
quartz tube to 1000°C. In this paper we report the results of an investigation 
on the spectra of flames containing hydrogen and chlorine and of flames con- 
taining hydrogen, oxygen, and the halogens. There are two immediate pos- 


* National Research Council Fellow. 

1 J. Franck, Trans. Faraday Soc. 21, 536 (1925). 

2 E. U. Condon, Phys. Rev. 28, 1182 (1926); 32, 858 (1928). 

’ Kondratjew and A. Leipunsky, Zeits. f. Physik 50, 366 (1928). 
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sibilities, namely, that the continuous spectra are due to the recombination 
of normal and excited halogen atoms and that they are due to the recom- 
bination of hydrogen and halogen atoms to form the hydrogen halides. We 
cannot exclude the possibility that it is the latter reaction which is responsible 
for the emission of light, but as we shall show below, the distribution of in- 
tensities in these continuous spectra can be roughly accounted for by apply- 
ing the Franck-Condon theory to the recombination of normal and excited 
halogen atoms. 


EXPERIMENTAL 


We have taken spectrograms of the hydrogen halogen flames in the visi- 
ble and ultra-violet and determined the short wave limit of these spectra. 
Photographs were taken of the inner cone of the flame, just as it emerges 
from the nozzle of a torch. It was necessary in order to burn the bromine and 
iodine, to have oxygen mixed with them. This was accomplished by bubbling 
the latter gas over the liquid halogens. While the ordinary type of torch was 
sufficient to give the desired results, exposures were found to be shortened 
materially by using a fish tail type of burner made of glass. 

The hydrogen-chlorine flame. The hydrogen-chlorine flame gives a per- 
fectly continuous spectrum throughout the visible and into the ultra-violet 
as far as the water band, which accompanied it, due to the burning hydrogen 
in the external sheath of the flame. We were able to show that the continuous 
was not connected with the oxygen-hydrogen part of the flame by burning 
chlorine in an atmosphere of hydrogen and photographing through a quartz 
window. The continuous appeared, and the water bands were, of course, ab- 
sent. 

The hydrogen-bromine and hydrogen-iodine flames. The hydrogen-bromine 
and iodine flames, which always had oxygen mixed with the halogen, gave a 
series of diffuse bands in addition to the continuous spectra throughout the 
visible but these ended on the violet side further to the red than in the case of 
chlorine. In order to see if chlorine exhibited the same bands, oxygen was 
mixed with the chlorine and a series of doublets appeared at shorter wave- 
lengths than those of bromine, which were in turn shorter than those of io- 
dine. Since oxygen made the flame considerably hotter and caused the D 
lines of sodium to appear due to evaporation of sodium atoms from the glass, 
it was thought that the bands might be due to sodium halide molecules. A 
torch constructed entirely of fused quartz, however, gave the bands with no 
sodium lines present. Since the bands do not appear in the hydrogen chlorine 
flame, without oxygen, we concluded that they must arise from some com- 
pound of oxygen and halogen, such as ClO. These bands are so diffuse on 
our plates that we found it impossible to measure their positions. These 
bands lie at approximately the following wave-lengths in the case of oxygen 
flames containing the three halogens: Cl., 3600-4350A; Bre, 4250-4675A; Ie, 
4270-4900A. It is impossible to fix the short wave-length limit of these con- 
tinuous spectra precisely because there is no sharp limit, but only a rather 
rapid decrease in intensity toward the violet. We estimate that this rapid de- 
crease in intensity occurred at 3200A, 3400A, and 3600A in the cases of chlor- 
ine, bromine, and iodine, respectively. These numbers are certainly in the 
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order in which the rapid decrease in intensity took place in the three cases, 
but it was more difficult to fix a limit for the bromine and iodine spectra than 
for the chlorine spectrum due partly to the presence of the diffuse bands al- 
ready referred to. 


DISCUSSION OF EXPERIMENTAL RESULTS 


As mentioned in the introduction, it is necessary to consider the two pos- 
sibilities that these continuous spectra may be due to the recombination of 
halogen atoms or the recombination of hydrogen and halogen atoms. In 
Figure 1 we give a resumé of the principal facts in regard to the limits of the 
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Fig. 1. 
A. Long wave-length limit of the continuous absorption of the halogen hydride. 
B, Calculated wave-length for HX H+X (?Py2). 
C, Calculated wave-length for HX->H+X (?Ps2). 
D, Approximate short wave-length limit of the continuous emission of the halogen. 
E, Observed wave-length for Xs> X(?Py2) +X (?Py2). 


continuous absorption of the hydrogen halides and the halogens together with 
the calculated wave-lengths for dissociation in several different ways. The 
legend under the figure explains the meaning of the wave-lengths plotted. It 
appears that there is no satisfactory correlation between the short wave- 
length limit which we observed for the continuous flame spectra and any of 
these quantities except the short wave-length limits for the absorption spectra 
of the halogens. Thus Ribaud‘ found that the absorption spectrum of chlor- 
ine reaches a maximum in the neighborhood of 3400A and decreases rapidly 
in the neighborhood of 3200A, while we observe that the short wave-length 
limit of the continuous spectrum of the hydrogen chlorine flame is about 3200 
A. In the case of bromine the maximum of the absorption spectrum occurs 
at about 4150A and there is a decided decrease in intensity between 3400 and 
3700A, agreeing again fairly well with our observed limit of 3400A for emis- 
sion in the hydrogen oxygen flame containing bromine. In the case of iodine 
the maximum intensity of the absorption spectrum is in the discontinuous 
banded spectrum and decreases slowly with decreasing wave-length. It is 
difficult to tell whether our observed value of 3600A agrees with the observed 
falling-off of the continuous absorption spectrum. However, our data are 
in entire agreement insofar as the relative position of the three limits in the 
case of the emission spectra and the three limits in the case of the absorption 
spectra, that is, there is a gradual shift toward longer wave-lengths in both 
cases as we go from chlorine to bromine to iodine. 


‘ G. Ribaud, Ann. de physique 12, 107 (1919). 
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In the case of iodine it is possible to construct the two potential energy 
curves for the normal and excited electronic states respectively from the 
known band spectrum data. It is necessary to know the equilibrium distance 
between the nuclei, and the vibrational energy levels. It is then easy to con- 
struct the approximate potential energy curves using the empirical formula 
of Morse.’ Over the region where the energy levels follow the formula 


E=hvo(n+1/2) —hvox(n+1/2)?2, (1) 
the potential energy follows the formula, 


V(r) =D exp [—2a(r—ro)]|—2D exp [—a(r—ro) |, (2) 
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Fig. 2. The V and V’ curves of Js. 


where D is the energy of dissociation and equals »2/4y9x, a is a constant equal 
to (87? curox)/? (u equals the reduced mass), 7 is the distance between the 
nuclei and 7 the equilibrium distance. Of course in the region where V is 
greater than 0,and in which we are most interested, this formula may not hold. 
Figure 2 shows these potential energy curves for iodine using values for fo, 
the energy of dissociation and the formula for the vibrational energy levels 
as given by Birge.® 

5 P. M. Morse, Phys. Rev. 34, 57 (1929). 

$I. C. T. Vol. 5, p. 409. The curves are similar to those published by Condon (Phys. 
Rev. 32, 858 (1928)). 
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In the case of bromine we do not know the moment of the inertia and thus 
the potential energy curves can be drawn using the values of D and a from 
the known vibrational energy levels, but the displacement of the two curves 
relative to each other along the r-axis cannot be determined. In this case we 
have two rules which might be used. First Mecke’ has shown that for a 
great many molecules the product of the vibration frequency for zero am- 
plitude and the square of the equilibrium distance is very nearly a constant, 
and second, Morse® has shown that in the case of some 21 molecular states 
the product of the frequency of vibration and the cube of the equilibrium 
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Fig. 3. The Vand V’ curves of Bry. 


distance is very nearly equal to a constant for all these molecules. Unfor- 
tunately, neither of these rules holds in the case of iodine, and we are there- 
fore doubtful as to whether we can use it in case of bromine. We have drawn 
the curves for bromine in Figure 3 by using Morse’s expression for the poten- 
tial energy curves, and have then adjusted the relative position of the two 
curves so that the maximum intensity in the continuous absorption of bro- 
mine is that predicted by the Franck-Condon theory. Thus we draw a 
straight vertical line from the minimum of the lower potential energy curve 
and lay off a distance of 27000 cm™ corresponding to 3700A, which is the 


7R. Mecke, Zeits. f. Physik 32, 823 (1925). 
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wave-length of the maximum of the absorption curve of Ribaud and there- 
fore of the most probable transition, and require that the upper potential 
energy curve shall pass through this point. Condon has used essentially this 
method to construct the curves to predict the distribution of intensity in the 
continuous absorption spectra. 

Recently Elliott® has analyzed three absorption bands of chlorine, and it 
is possible from his data to secure the equilibrium distance between the nuc- 
lei in both the higher and lower electronic states. By using the isotope effect 
he was able to fix the vibration quantum numbers for the higher energy 
states, and in this way revised the values for the energy of dissociation and 
the formula for the vibrational energy levels of this state. He finds in this 
way that his bands correspond to the transitions in the vibrational quantum 
numbers, 217, 2-+18, and 2-19, and he gives the values of the B’s for the 
initial and final states. From the theory of band spectra we know that 

h a 


a , 


8r2loc 6 


n 


The values of B, for the three excited states serve to determine a/c and Jp. 
We find in this way that the equilibrium distances between the nuclei for the 
initial and final states are ro’ =2.19A and 7’’ =1.98A. Further Elliott se- 
cures as the formula for the energy levels of the excited state, 
E/h=316(n'+1/2)—10.9(n’+1/2)?. 

Using these values and constructing the curves as in the case of iodine, we 
find that the Franck-Condon theory would predict the discontinuous absorp- 
tion spectra from the normal vibrational state. This is contradicted by the 
experimental data of Kuhn® who showed that absorption from the normal 
vibrational level occurs only in the continuous region. In view of this diffi- 
culty we have not attempted to correlate our data with these potential energy 
curves.!° 

We make the postulate that the temperatures of our flames in the gas of 
bromine and iodine were approximately the same, and that the violet limit 
is emitted by the recombination of a normal and an excited atom, such that 
the sum of the relative translational energy of the two atoms plus the energy 
required to raise the normal halogen atom in the ?P3;2. to the *Pi,. state is 
the same for bromine and iodine. Referring to Figures 2 and 3, at some point 
on r the difference in energy between the normal and excited potential energy 
curves is equal to the observed violet limit of the continuous emission. These 
transitions are indicated by the arrows. Light of this wave-length is emitted 
by two colliding atoms having energy represented by the lines BD in each 
case. The difference in energy between the two states represented by the 


8 A. Elliott, Proc. Roy. Soc. A123, 629 (1929). 

*H. Kuhn, Zeits. f. Physik 39, 77 (1926). 

10 In an abstract of this paper previously published (Phys. Rev. 33, 279 (1929)), we 
stated, that we had drawn such curves for chlorine. The curves used were constructed in a 
similar way to that used by Condon.* However, these curves do not follow the empirical 
formula of Morse particularly well and it appears in view of Elliott’s results, that the constants 
of the excited chlorine molecule are as yet uncertain or else definitely disagree with the 
Franck-Condon theory. 
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lines FG and BD in each figure is the energy of excitation of one atom to the 
2P\/. state and the relative translational energy of the two atoms. In the case 
of iodine and bromine, using the curves as we have drawn them, we find that 
these energies correspond to 17800 and 14900 cm™ respectively as indicated 
in the figures. The agreement between these two values is as close as can be 
expected considering the difficulty of determining the violet limit of the con- 
tinuous spectrum, and the accuracy with which we can draw the potential 
energy curves. This comparison serves only to show that it is possible by 
making these rather simple assumptions, to correlate these continuous spec- 
tra with the potential energy curves of iodine and bromine. In view of the 
fact that the potential energy curves of chlorine do not seem to agree with 
the observed absorption spectrum, we cannot say whether this rule applies 
in the case of the flames containing chlorine. 

It is necessary to determine whether there are sufficient collisions in which 
the sum of the relative translational energy and the energy of excitation of 
the one atom is equal to or greater than 17800 wave-numbers to account for 
the observed intensity of the radiation. The number of collisions in which 
this condition is fulfilled, is readily calculated and found to be, 

n=2N%o2(rkT/m)"!2[1+(E/kT)] exp [—(E+E’)/kT], (3) 
where N is the number of halogen atoms per cm‘, ¢ the collision distance of 
of a normal and excited atom, m, the mass of one atom, T the temperature, 
E the relative kinetic energy and £’ the energy of excitation of the halogen 
atom in the ?Pi/2. state. Strictly (3) should contain the factor (1+1/2 exp 
[ —E’/kT ])~ but this is very nearly unity in the case of bromine and iodine 
at the temperatures of our flames." 

Investigations on the mean life of excited molecules of atoms show that 
this is always of the order of 10-7 or 10-* seconds in the case of non-meta- 
stable states, and that therefore the probability of transition varies from 107 
to 108 per second. Assuming that the time of collision is of the order of the 
time it takes two molecules to move one Angstrom relative to each other, 
we can Calculate the probability that two colliding atoms, one in the normal 
state and the other in an excited state, will emit light. In the case of iodine 
atoms at room temperature this equals 1/37400, and does not change rapidly 
with temperature. Thus only one collision in 37400 will result in the recom- 
bination of the atoms with the emission of light. This probability can be es- 
timated in another way. The time during which the transition is possible 
will be of the order of one half the time of one classical oscillation of the mole- 
cule. In the case of iodine this gives a probability for the recombination pro- 
cess with the emission of light of one in about 80000. This latter method 
of estimation can be justified by the wave mechanical method of calculating 


1! Formula (3) is easily derived from equation (701) of Jeans “Dynamical Theory of Gases” 
3rd edition, Cambridge University Press, 1921, by integration between the limits E( =} my*) 
and infinity and the fact that the number of atoms in the *P;/2 and *P 3,2 states is 
N(4) exp (—E’/kT) 
1+(}) exp (—E’/kT) 

N 
1+(4) exp (—E’/kT) 
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intensities. The Schroedinger wave function for the collision of two atoms 
in the region of the distance of nearest approach will be very similar to what 
the wave function would be in this region if the potential energy curve rose 
to an infinite value as r increases instead of to the finite value of the dis- 
sociation energy. It is only this part of the wave function which contributes 
effectively to matrix amplitude integral, namely, 


f Vev dv ’ 


where Wz is the wave function for the continuous state of energy E and y, 
that for the mth vibrational state of the molecule. Our assumption of one 
half the time of classical oscillation is equivalent to assuming that one half 
the wave function of the oscillator contributes to the calculation of the mat- 
rix amplitude for the transition. From these considerations it appears that 
the probability for recombination with the emission of light in a collision be- 
tween two atoms will be of the order of 10-* or 10-°. Polanyi and Schay™ 
have concluded that the probability of recombination of Na and Cl atoms 
in the gas phase is of the order of 10-* in agreement with our estimated values. 

The energy emitted per cc per sec. of shorter wave-length than our violet 
“limit” is secured by multiplying (3) by hy and the probability of light emis- 
sion in a collision namely, 10-5. Substituting the numerical values, WN =2.7 
x10", ¢=3x10-§, E+E’ and E equal to the energy equivalent to 17800 
cm~!and 10000 cm™ respectively, and T =2000° K, we find that this energy 
in the case of iodine is of the order of 0.01 erg per sec. per cc. This can be 
changed by assuming lower or higher concentrations of iodine atoms. Zahn™ 
showed that the energy emitted by a flame containing sodium was about 100 
ergs per sec. per cc. Though we do not know the intensity of emission by our 
flame it was probably no greater than that of a sodium flame for it required 
from 20 minutes to an hour to secure an exposure with the Hilger E31 quartz 
spectrograph. 

The calculation which we have made is very approximate, but it does in- 
dicate that there are enough collisions of the type postulated to account for 
the comparatively faint emission of our flames. We believe that the coin- 
cidence of these violet absorption edges is sufficiently close to those expected 
from the theory to indicate that the continuous spectra of these flames are 
in reality due to these recombination processes. In order to complete the dis- 
cussion we should compare our data with similar curves for the hydrogen 
halides. This cannot be done because we do not know even approximately 
the shape of the energy curve in the excited states of these molecules, since 
no band spectrum has been observed. It may be, in fact, that there is no 
minimum in the excited states of these molecules. It is therefore impossible to 
make any similar comparisons with the theory for these molecules. 

The experimental part of this paper was carried out while we were at the 
Johns Hopkins University and we wish to acknowledge our indebtedness to 
that institution for the facilities furnished us. 

12 M. Polanyi and G. Schay, Z. Physikalische Chem. 1B, 30 (1928). 


13 H, Zahn, Verh. Physik. Ges. 15, 1203 (1913); See, Foote and Mohler, Origin of Spectra, 
p. 166, Chem. Catolog Co., 1922. 
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ABSTRACT 


The infra-red absorption spectra of liquid benzene and its halogen derivatives 
have been measured from 1.00u to 7.50u. The near infra-red bands of benzene at 
2.174, 2.454, and 2.714 have been found to agree very well with the results of other 
observers, and several weak bands have been found which have not been previously 
noted. The region at 3.30u has been studied in detail and different maxima have been 
found at 3.29, 3.32u, and 3.44u. The region from 5.00z to 7.50u shows five bands for 
benzene at 5.06yu, 5.56u, 6.20u, 6.744, and 7.164. The general absorption of the halo- 
gen derivatives is very much similar to that for benzene, however, the bands differ 
somewhat in position of the maxima, and in the weaker bands. The more intense bands 
in the near infra-red have been classified as overtones or combination bands, and the 
agreement between calculated and observed bands is satisfactory. 


INTRODUCTION 


HERE has been a large amount of work done in the study of the infra- 

red absorption of organic compounds, and some of the more important 
work has been done by Weniger,' who worked with forty-one alcohols, acids, 
and esters, also Johnson and Spence’ studied twenty-four aniline dyes as far 
as 12u, and Stang* madea study of napthalene and several of its monoderiv- 
ativesinsolution. More recent work by Bell‘ has shown that in practically 
every case of eleven organic compounds studied a very strong band appears 
at 3.25u. Ellis’ has investigated quite a number of organic compounds, and 
his results show great similarities among these spectra. From these investiga- 
tions he was able to arrange the absorption bands in a series, and it was sug- 
gested that the origin of the different absorption bands may be traced to defi- 
nite atoms, or pairs of atoms, as absorbing centers. 

The present work was undertaken to obtain the complete absorption 
spectra from 1.00u to 7.50u, and to ascertain whether relationships could be 
found between the absorption bands. For this work benzene and the mono- 
halogen derivatives, with the exception of mono-fluor-benzene, were studied. 
The object was twofold. First, to see if there existed any series relations be- 
tween the bands of benzene, and second, to determine if there was any shift- 
ing of the maxima when a halogen was substituted for a hydrogen in the 
benzene ring. 


1 W. Weniger, Phys. Rev. 31, 388 (1910). 

2 Johnson and Spence, Phys. Rev. 5, 349 (1915). 

3 A. H. Stang, Phys. Rev. 9, 542 (1917). 

‘F. K. Bell, Jour. Amer. Chem. Soc. 47, 2192 (1925). 

' J. W. Ellis, Phys. Rev. 23, 48 (1924); Phys. Rev. 27, 298 (1926). 
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EXPERIMENTAL PROCEDURE 


In the present work two different instruments were employed. For the 
investigation of the spectrum from 1.00u to 3.50u a Hilger D42 infra-red 
spectrometer of large aperture with quartz prism was used, and for the region 
from 3.50u to 7.50u a Hilger D35 instrument with rock-salt prism was em- 
ployed. The thermopile, which was interchangeable with either instrument, 
was of the linear Rubens type. This was quite an advantage since once the 
galvanometer circuit was critically damped, it was just a matter of changing 
the thermopile when shifting from one instrument to the other. A Leeds and 
Northrup galvanometer of 10 ohms resistance and a sensitivity of 10 mm per 
microvolt was used. 

Both spectrometers were first calibrated by setting the wave-length drum 
for the D-lines. A further check was used as a means of calibration. The 
positions of the water bands as determined by Collins® were used to deter- 
mine the accuracy of the calibration in the regions to be studied, and a very 
good agreement was found to exist. It was found that a small correction of 
the order of 0.01u4 must be added to the observed readings in the region from 
1.00u to 3.50u, when the D42 spectrometer was used. The D35 instrument was 
employed when investigating the region from 5.00u to 7.50u, and it was found 
on checking the calibration for the water vapor band at 6.26u a correction of 
0.04u was necessary. 

All the materials studied were first run with slit-widths of 0.25 mm, 
except in the case of the D35 spectrometer where the collimator slit was 0.39 
mm. This gave the general outline of the absorption curves. Having thus 
located the approximate positions of the absorption maxima, the thermopile 
slit of the D35 spectrometer was reduced to 0.203 mm, and the collimator slit 
to 0.303 mm. For the D35 instrument the spectrum embraced by the ther- 
mopile in the region of 6.264, when the thermopile slit is at 0.25 mm, was 
0.155u, and with the thermopile slit at 0.203 mm, the region exposed to the 
thermopile would be 0.124u. When the D42 spectrometer was used with 
slit-widths of 0.25 mm, the portion of the spectrum embraced by the ther- 
mopile in the region of 2.70u, was 0.0154, and when the thermopile slit was 
reduced to 0.125 mm, the portion of the spectrum exposed to the thermopile 
would be 0.0075y. 

The cells employed in this work were made by gluing, with Le Page’s 
liquid glue, the windows of glass, polished fused quartz, fluorite, or rock-salt 
as the case might be, to pieces of lead foil or lead sheet depending upon the 
thickness of cell desired. One window was glued to the lead, glue put on the 
outer edge of the other window, the hollow part of the lead was then filled 
with the liquid to be studied, by means of a pipette, and the second window 
slipped into place. The cell was then clamped in its mount which consisted of 
two brass disks held together by four bolts. This mount was then placed on a 
board which was free to move in guides, between fixed limits, and was so 
arranged that a mirror focused an image of the source on the cell, and a 


6 J. R. Collins, Phys. Rev. 26, 771 (1925). 
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second mirror focused this image on the collimator slit of the spectrometer. 
A diaphragm, with aperture slightly smaller than the diameter of the cell, 
was placed immediately in front of the cell. The whole assembly was so ar- 
ranged that the observer could move the cell in and out of the beam of radia- 
tion, read the galvanometer deflections, and set the spectrometer wave- 
length drum without leaving his position. 

In Table I will be found cell thicknesses, material of cell windows, and the 
intervals at which readings were taken for different parts of the spectrum 
studied. 


TABLE I. Shows cell thicknesses for different parts of the spectrum studied; materials of 
which cell windows were made; and intervals at which readings were taken for the different parts of 
the spectrum. 

















Portion of Thickness Material of cell mare a Sn 
spectrum of cell windows Caen? Wess 
taken 
From 
1.00u Ordinary 
to 5.25 cm glass 
1.25u 
1.25u Polished Every 0.014 over the 
to 3.35 cm fused whole range and every 
2.00u quartz 0.0054 at the center of 
ae a —— —————1| the bands. 
2.00. Polished 
to 0.074 cm fused 
2.80u quartz 
2 .80u Microscope 
to 0.012 cm cover 
3.50u glasses 
5 .00u Fluorite Every 0.024 and at the 
to 0.024 cm and center of bands every 
7 .50u rock-salt 0.01y. 























The source of radiation was a Globar element (55 volts) about three inches 
long. The center of the element was ground away to about one half the 
diameter of the original piece. This prevented the ends from becoming over- 
heated and reduced sparking at the end contacts to a minimum. In order to 
have the source as steady as possible it was operated from a bank of storage 
batteries. By means of a variable resistance, in series with the Globar ele- 
ment, the desired intensity could be obtained. In the present work currents 
from 2.4 to 3.0 amperes were employed. Ina single run, however, the current 
was kept very nearly constant. 

The benzene was obtained from the Chemistry Depart ment of the Univer- 
sity of North Carolina, and was known to contain 0.003 percent of carbon 
disulphide. This small trace should cause no serious difficulty, as carbon 
disulphide is very transparent for the region of the spectrum studied, except 
for one large maximum at about 4.60u. The other substances were obtained 
from the Eastman Kodak Laboratories. A boiling point test was made for all 
the substances and the results checked well with the true boiling points, 
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RESULTS AND DISCUSSION 


The infra-red absorption spectra of benzene, and its mono-halogen de- 
rivatives were studied from 1.00u to 7.50u. Table II gives a list of all the 
maxima observed for the four materials, some of which appear only as slight 
inflections of the curves being marked by an (*), some other regions which 
appear only as slight inflections, and may be considered as bands, are not 
given in the list. Twenty-eight absorption maxima are listed for benzene, and 
about the same number for each of the halogen derivatives. The more in- 
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Fig. 1. Curves (a) and (b), benzene; curves (c) and (d), mono-chloro-benzene; curves 
(e) and (f), mono-bromo-benzene; curves (g) and (h), mono-iodo-benzene. 


tense maxima, which are set forth in curves (a) and (b), Fig. 1, are in good 
accord with those found by other workers in this region.” The values of the 
maxima observed by the writer in every case are slightly less than those given 
by other observers. This may be due to a difference in calibration or a tem- 
perature effect. 

A very thorough study was made of the bands for benzene in the region 
from 1.00u to 1.90u, the results of which are shown in curves (a) and (b), 
Fig. 2. It appears that the maximum at 1.12y has associated with it a smaller 


7 Th. Dreisch, Zeits. f. Physik 30, 200 (1924), 
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Fig. 2. Curves (a) and (b), benzene. 
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maximum at 1.14y. Barnes and Fulweiler® have made a study of this region 
with a grating and have found maxima at 1.1372u and 1.1445y for this band. 
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In addition to the more intense maximum at 1.66u there appear three smaller 
maxima, one at 1.72y, one at 1.78u and another at 1.88y. 
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Fig. 5. Curve (a), benzene; curve (b), mono-chloro-benzene; curve (c), mono-bromo-benzene; 
curve (d), mono-iodo-benzene. 


* Barnes and Fulweiler, Phys. Rev. 32, 618 (1928), 
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It will be noted from the curves of Figs. 1, 3, and 5, that the infra-red 
absorption spectra for the four materials studied show great similarity 
throughout the whole region. There are some instances where a shifting of 
the bands occurs, but it does not appear, from the observed results, that this 
shifting follows any definite rule. For instance, consider the maximum which 
occurs at 1.66u for benzene. If by substituting in the benzene ring a heavier 
atom for a lighter hydrogen atom causes any shifting of the bands, one would 
expect mono-iodo-benzene to show the greatest shift as this is the heaviest 
molecule studied. For mono-chloro-benzene the band occurs at 1.654 which 
indicates a slight shift toward the shorter wave-length region. For mono- 
bromo-benzene which is heavier than mono-chloro-benzene, there appears to 
be a slight shift again as the band is found at 1.63. But in the case of mono- 
iodo-benzene the maximum occurs at the same position, 1.634, as the maxi- 
mum for mono-bromo-benzene. By comparison of the absorption spectra 
of the different materials studied, it is seen that the intensity of the observed 
maxima does not seem to be greatly affected when a halogen is substituted in 
the molecule. , 
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Fig. 6. Curve for benzene. 


On the basis of theory benzene is symmetrically constituted and is com- 
posed of six carbon atoms and six hydrogen atoms. The most probable ar- 
rangement, according to Beckenkamp’ is that the centers of gravity of the 
carbon atoms form a spacial six membered ring, while the hydrogen atoms 
which lie with their axis perpendicular to the main axis of the molecule form a 
plane ring. This arrangement permits of a possibility of thirty modes of vi- 
bration since there are twelve particles. It is likely, however, that some of the 
vibrations have the same frequency or are inactive. 

While the number of actual modes of vibration is not known, due to their 
intensity and location the following maxima wereassumed to be fundamentals, 
3.30u, 6.74, 9.80u; the last value is taken from the work of Coblentz.'® Also a 
band at 15.54 which was calculated from observed maxima, is considered to 
be a fundamental band. These fundamentals were given the following fre- 
quency notation ”, v2, v3, and v4 respectively. 

By-means of the formula v,=nv> (1—mx), where v, and vo are expressed 
in wave numbers and (x) is a constant, a check for the position of the funda- 


* J. Bechenkamp, Zeits. f. Anorg. Chem. 139, 220 (1924). 
10 W. W. Coblentz, Investigations of Infra-red Spectra, Carnegie Bull. 35, (1905). 
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mental at 3.304 was obtained. Assuming that the 1.664 maximum is the first 
overtone of the above fundamental, and 1.12 is the second overtone, a cal- 
culated value of »; in good agreement with the observed value was found. 
Since the maximum at 2.71yis not identified as a fundamental or overtone, 
it is assumed to be due to a combination of two fundamental frequencies. 
This combination, on account of its intensity, probably includes (v;) as one of 


TABLE II. Observed bands for benzene and its halogen derivatives. 














Mono- Mono- Mono- Mono- Mono- Mono- 
Benzene | chloro- bromo- iodo- Benzene | chloro- bromo- iodo- 
benzene benzene benzene benzene benzene benzene 
1 .06u* 2.45 2.46 2.45 2.45 
1.12 1.09% 1.08.4 1.08.4 2.54" 2.65* aa 2.00 
1.369 2.37" 1.19* 1.16* 2.78 2.73 > 2.73 
eg 1.24* 1.28* 3.22" 2.91* 2.87* 2.87* 
1.40 1 .30* 4.32" 2.95* 
1.43 1.40 1.37 1.39 3.29* 
1.48* 1.50* 1.45* 1.46* 3.32 3.28 3.30 3.26 
1.66 1.65 1.63 1.63 3.44 
1.72° 4.43* 4.43* 4.43* 4.43* 
1.78* 1.78° . 5.06 5.26 5.26 5.20 
1.88* La" 1.85* 1.86* 5.56 5.56 5.70 5.60 
2.87 2.19 2.47 2.19 6.20 6.26 6.30 6.30 
2.29* 2.31° 2.31* 2.31" 6.74 6.76 6.86 6.76 
2.37* 7.16 7.16 7.16 7 .28* 
































the component bands. By subtracting the frequency of (v1), a value is ob- 
tained which corresponds to a band at 15.5u, this being assumed as a funda- 
mental band. In the work of Coblentz"® it is noticed that for benzene a very 
broad region of absorption begins at about 14.4u and continues to 15.0y, 
where his observations énd. It is difficult to say where the center of the ab- 
sorption band is located. If a thinner cell were used, it is very likely from the 
appearance of the other fundamentals observed, that the center of the band 
would be located in the region from 15.0u to 16.0u. This gives considerable 
evidence that there exists an intense fundamental for benzene in this region. 
A list of all the fundamentals, overtones, and combinations which the other 
bands are attributed to are given in Table III. 

In the work of Ellis’ there was a classification of the bands of benzene and 
it is interesting to make a comparison with the classification in the present 
work. Ellis considered the spectrum of benzene to consist of two funda- 
mentals,one at 28uand another at6.44u, and that all near infra-red bands were 
overtones or combinations of these two frequencies. Thus a band at 1.03u 
was attributed to the twenty-eighth overtone of the band at 28.0u. Several 
observed bands in the region from 1.00u to 5.00u are attributed to combina- 
tions. The intense band, for example, at 2.18 is identified as the combination 
of one fundamental and the eighth overtone of the other. In the present work 
the bands in the near infra-red are assumed to arise from four fundamentals 
instead of two and the combinations do not include any overtones above the 
third. The present classification appears to be more in accord with the ob- 


uJ. E. Purvis, Proc. Cam. Phil. Soc. 21, 556 (1922-23). 
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served intensities, but a careful study has not been made of the intensities of 
the bands. 

In conclusion from the present work the experimental data seems to indi- 
cate for benzene in the liquid state, that there exists only minor differences in 
the general absorption from its halogen derivatives. However, when the 
individual bands are considered in detail, they are found to occur at slightly 
different wave-lengths, and the weak bands occur in some of the liquids that 
are not observed in the others. It is probable that if these materials were 
studied in the gaseous state under high resolution, so that the individual lines 


TABLE III. Calculated and observed wave-lengths for benzene and its mono-halogen derivatives. 












































a Observed Calcu- Observed Calcu- 
Combination wave No. lated X Observed \ wave No. lated \ Observed \ 
For benzene For mono-chloro-benzene 
Y71 3052.6 3.28u 3.30n° 3016.7 3.32yu 3.28u 
v2 1483.7 6.74 1479.3 6.76 
V3 1020.4 9 .80* 1077 .6 9 .28* 
% 644.2 15.50 653.0 15.30 
2 6042 .3 1.66 6060 .6 1.65 
3 8968.8 1.12 9174.3 1.09 
rytpre 4536.3 2.20 2.17 4496.0 2.22 2.19 
wits 4073.0 2.46 2.45 4094 .3 2.44 2.46 
uty, 3696.8 2.71 3669 .7 2.73 
2 +72 7526.0 1.33 1.31 7539.9 1.32 1.30 
2, +93 7062.7 1.42 1.43 7138.2 1.40 1.40 
2+ 6686.5 1.50 1.48 6713.6 1.49 1.50 
3, +14 9613.0 1.04 1.06 
For mono-bromo-benzene For mono-iodo-benzene 
"4 3053.0 3.26u 3.30u 3053.0 3.26u 3.26u 
V2 1457.7 6.86 1479.3 6.76 
V3 1061 .6 9 .42* 1052.6 9.50** 
M% 630.2 15.80 616.7 16.20 
2 6153.9 1.63 6153.9 1.63 
31 9302.5 1.08 9302.5 1.08 
wyt+vre 4510.7 2.22 2.18 4532.3 2.21 2.19 
wits 4114.6 2.43 2.45 4105.6 2.44 2.45 
vty, 3683 .2 2.72 3669.7 2.73 
2+ v2 7611.6 1.32 1.28 7633.2 1.31 1.32 
2+; 7215.5 1.39 1.37 7206.5 1.39 1.39 
2n+ 6784.1 1.47 1.45 6770 .6 1.48 1.46 


























* Indicate values taken from work of Coblentz.'° 
** Indicates yalue taken from work of Purvis.” 


in the vibration rotational bands would appear, that considerable differences 
would be noticed. 

It has been possible to classify all the more intense bands in the near 
infra-red region as observed by the writer and other workers. No doubt all 
the bands could have been classified if the wave-lengths of all the fundamen- 
tals were known. 

The writer wishes to express his appreciation and thanks to Dr. E. K. 
Plyler, of the University of North Carolina, for suggesting the original prob- 
lem, and for his encouragement throughout the duration of the work. 
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ABSTRACT 


It has been general to assume that the emission of y-rays in radioactive dis- 
integration is an effect subsidiary to the ejection of the a or 8 particle from the nucleus. 
Recently, however, the general experimental proof that the time interval concerned 
in this nuclear process is considerably greater than the time of relaxation of the 
inner extra-nuclear electrons—and, more particularly, an experiment by Jacobsen 
and its interpretation in terms of y-ray disintegration constants as small as 105 sec>*— 
have together resulted in a revision of opinion. In the present paper Jacobsen’s 
interpretation is examined in more detail and is shown to imply that the emission of a 
quantum of y radiation between the 8 particle disintegration of radium C and the a 
particle disintegration of radium C’ is an absolute necessity. This condition is 
attended with certain difficulties. In the course of the investigation it is shown that 
where a@ particles may be emitted either immediately following an earlier disinte- 
gration, or with the intermediate emission of any single member of a number of y-ray 
quanta, then, as long as all the a particles possess identical velocities, the a activity 
of the immediate product of the former disintegration decays strictly according to 
the exponential law characterized by the disintegration constant of the a particle 
change. 

In a second part of the paper an attempt is made to connect the complexity 
of the “normal” @ radiation of thorium C and the emission of long range a@ particles 
from radium C and thorium C with the occurrence of certain lines in the y-ray spectra 
of the elements in question. 


INTRODUCTION 


E KNOW of three ways in which energy is spontaneously set free in the 

nuclear processes of radioactive disintegration. This available energy 
may appear as kinetic energy—possessed either by an expelled a-particle or 
by a 8-particle—or it may be emitted in the form of radiant energy, as a 
quantum of y radiation. Yet, from a broad general standpoint, these three 
modes do not appear to be of equal importance in nature. Considered merely 
in respect of quantity, a-particle kinetic energy represents roughly 85 per- 
cent, 8-particle kinetic energy roughly seven percent and y-ray energy the 
remaining eight percent of the total radiation from radioactive materials. 
But, in spite of this distinction, in the matter of fundamental importance, the 
a-particle change is not in a class by itself, with the 6-and y-ray changes 
subsidiary to it. Rather is it the y-ray change which is peculiar, since in each 
case it is apparently incidental to some instance of particle disintegration, 
either a or 8. Every atom of uranium, for example, is believed to undergo an 


* Fellow of Trinity College, Cambridge. Associate in Physics, Johns Hopkins University. 
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invariable'sequenceofa and §-particle disintegrations before passing overinto 
an atom of uranium-lead, but concerning the various y-ray quanta which may 
be emitted in the process there exists a wide range of possibility. Once y-ray 
changes are included, the concept of the disintegration series loses all its 
simplicity. 

The secondary nature of y-ray emission was early recognised; it was only 
with the proof of the nuclear origin of the rays that the problem of their 
dependence became acute. More recently, with the spectral analysis of this 
type of radiation, and the establishment of systems of nuclear energy levels 
from which it is derived, the difficulties in the way of a satisfactory solution 
have, if anything, increased. At first the difficulty was concerned chiefly with 
the principle of conservation. If there was, in fact, a difference in the total 
energy radiated during the active lives of different atoms passing down the 
same disintegration series thenit became difficult toescape the conclusion that 
for one and the same atomic species (uranium-lead, for example) different 
nuclei must possess different amounts of intrinsic energy—and that these 
different energy states must be permanent. A similar difficulty was encoun- 
tered when the heterogeneity of 8-particle velocities was finally established. 
Chalmers? has exhibited this difficulty in its most intractable form. For the 
present it is unlikely that in either case any solution will be found; it is very 
probable that these relatively small differences in internal energy-content as 
between otherwise identical nuclei may constitute a feature of common oc- 
currence with the ordinary inactive elements. Some experiments of Ruther- 
ford and Chadwick? on artificial disintegration seem to admit of no other in- 
terpretation. 


THE TIME INTERVALS INVOLVED IN y-RAY EMISSION 


Apart from this question of conservation, however, and arising in most 
instances directly from the experimental work of Jacobsen,‘ there has recent- 
ly been a growing concern with the more general problem of the status of 
the y-ray change. Yet, even if Jacobsen’s work be neglected, the crucial ex- 
periment of Ellis and Wooster,’ proving that the order in time is invariably 
“8-particle emission—v ray change,” of itself is sufficient to lead to an im- 
portant conclusion.’ For the reorganization of the nucleus resulting in the 
emission of the y-ray quantum is thereby shown to be slow compared with 
the time of relaxation of the extra-nuclear electrons of the K level. The work 
of Black’ similarly shows that it is slow compared with the time of relaxa- 


1 The sequence is not strictly invariable, both for uranium X, and for radium C there 
are alternative modes of particle disintegration. For radium C, as for thorium C, the schematic 
representation of the “branching” is BEce _p_. Reference to this diagram will make 
clearer subsequent discussions. 

2 Chalmers, Proc. Camb. Phil. Soc. 25, 331 (1929). 

3 Rutherford and Chadwick, Proc. Camb. Phil. Soc. 25, 186 (1929). 

4 Jacobsen, Nature 120, 874 (1927). 

5 Ellis and Wooster, Proc. Camb. Phil. Soc. 22, 844 (1925). 

* Cf. Chalfin, Zeits. f. Physik 53, 130 (1929). 

7 Black, Proc. Camb. Phil. Soc. 22, 838 (1925). 
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tion of the L, M and N level electrons.’ The inevitable nature of radioactive 
change, combined with its slowness, in many cases extreme, has long been 
recognised as the primary difficulty in the way of an explanation of particle 
disintegration in general; here the same feature is seen to be characteristic 
of the y-ray change also. Chalfin® has insisted that disintegration constants 
or transition probabilities have as real significance for y-ray as for @ or for 
B-particle processes. Now the range of value of these constants is very differ- 
ent in the two latter cases; the smallest a-particle disintegration constant is 
10-!8 sec—!, the smallest 8-particle disintegration constant 10~* sec—.** There 
is at present no evidence to prove that y-ray transition probabilities as small 
as 1 sec~' do not exist, though in many cases they must be very much larger 
than this. 

Jacobsen’s experiments,‘ already referred to, have been interpreted as af- 
fording some indirect information concerning such transition probabilities. 
Making observations of the emission of a-particles from different regions in 
a beam of recoil atoms arising from the radium C §-particle disintegration, 
Jacobsen in effect showed that the a-particle activity of the subsequent prod- 
uct does not decay exponentially with the time, but instead rises from zero 
initially to a maximum and then decays, exactly as would be the case if the 
a-particle change were the second of two of nearly equal half period. Since 
the former process cannot involve the emission of particles, either charged 
or uncharged, it was suggested that it represents the general y-ray emission 
which is known to take place intermediate in time between the 8 and a-par- 
ticle changes. On this hypothesis the a-particle disintegration constant was 
estimated as 10° sec, whilst a similar value was assigned for the effective 
y-ray change. 

The term “the general y-ray emission” has been employed the more to 
emphasise the complexity of this radiation, “the effective y-ray change” to 
stress the simplification which is made by comprehending these complex proc- 
esses under a single constant of probability. For a complete explanation of 
the natural B-ray spectrum of radium C, y-rays of nearly 50 different fre- 
quencies would be required. Suppose that partial transition probabilities 
Ai, Ae, * + +, Avy ** *, An be accorded to them, respectively, and let us 
investigate the problem more fully. At any time ¢ let N be the number of 
atoms which have undergone the 8-particle change only, Ni, No, ---, N,, 

- ++, N, the numbers which have undergone successive changes By, Bye, 
++, Byr, +++, Byn, respectively, and Na, Naz, ---,Na,,---, Na, the 
numbers which have undergone both § and a-particle changes with inter- 
mediate emission of 71, Y2,°--*, Yr; °° * » Yn, respectively. For sake of sim- 
plicity we are assuming that not more than a single y-ray quantum is emitted 
by each atom disintegrating. Furthermore, concerning the a-particle change, 
it is an experimental fact that the velocity of the particle ejected by any atom 


8 Rough estimates of these times are, for the K electrons, 10~ sec, for the N electrons 
10-?° sec. 
* See, for example, Lindemann, Phil Mag. 30, 560 (1915). 
** If we neglect the B-ray bodies potassium and rubidium. 
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is independent of the y-ray quantum just previously emitted. We must there- 
fore assume that a single a-particle disintegration constant, Aa, applies uni- 
formly throughout. Now suppose that in a small fraction of the cases no y 
ray is emitted between the two particle disintegrations.'® Since the a-particle 
emitted in such a case is indistinguishable from any other, Xa must apply 
here also. Writing Na for the number of atoms which at the time ¢ have un- 
dergone §- and a-particle changes in this way, in immediate succession, the 
complete equations of radioactive decay may be written" 











dN (a is yy iNa_. y 
=>_— a yr yiv, =AaV, 

dt 1 dt 

dN, dNa, 

—=)rN—)aNr, =haNr, 

dt dt 


From these equations we obtain 
N+Na+ >ONr+ > Na,=No. 
1 1 


Taking as initial conditions N= No, and writing Aa +" Ar =X, the relevant 
solutions become 


j= —ht 
N = Noe ’ 


A-Vo 
Nr = ——(e~>*! —_ e~ t) — 
A—Aa 


If A is the total a-particle activity of the preparation at the time ¢, then 


dNa 2, dNa, 











A= a , 
dt X dt 
or 
aN ° 
A=ha Noe™'+ (erat —e*) > ar, 
A—)Aa@ 1 
=)aN oe*!. 


10 With some y-ray bodies it is almost certainly the case that on the average less than one 
quantum is emitted per atom disintegrating—but actually this is not so with radium C. 

1 There is implicit here the assumption that the radium C £-particle disintegration 
does not result in sets of atoms effectively “earmarked” to emit various y-rays, after times 
statistically determined by the relevant disintegration constants Ar. In such circumstances, 
with a source consisting of atoms collected immediately after the 8-particle change, the quality 
of the y-rays would vary with time. We can only assume that this is not the case, since the 
possibility of a direct experimental investigation seems very remote. 
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This result” indicates that, in spite of the occurrence of y-ray emission, the 
quanta of which may be characterised by any number of different disinte- 
gration constants, yet, as long as no atom in the course of disintegration emits 
more than one quantum of radiation, and always provided that some atoms 
emit none at all, then the a-particle activity of the preparation decays ac- 
curately according to the exponential law determined by the disintegration 
constant of the a-particle change. 

Such circumstances as we have assi m2d, therefore, cannot conspire to the 
result which Jacobsen found experimentally. However, the conditions with 
radium C are more complex than we have considered. Probably in this case, 
on the average, between one and two quanta of y-radiation are emitted per 
atom disintegrating. Whilst this does not necessarily invalidate the supposi- 
tion that in some instances the actual number is zero, it is incompatible with 
the supposition that this number is never greater than unity. Yet, as 
long as we retain the former permissible condition, it may be shown that 
the a-particle activity, starting from some value initially different from zero, 
decreases at first, whilst its rise to a maximum at a later time is entirely de- 
pendent upon the relative values of \a and the various constants Ar. If, there- 
fore, Jacobsen’s experiments are reliable in the more minute particulars it 
must be conceded that his suggested explanation stands or falls with the de- 
cision for or against the absolute necessity for y-ray emission in all cases fol- 
lowing the 8-particle disintegration of radium C. It will be obvious that there 
is at least ample scope for an alternative hypothesis—as well as an urgent 
need for the development of other means of experimental attack upon this 
difficult problem. However, until fresh experiments have been performed it 
would be rash to make any further speculations. 


ENERGY CONSIDERATIONS—ABNORMAL PARTICLE EFFECTS 


There is a further aspect of the problem of the status of the y-ray change 
which is best considered in its relation to a distinction which has already been 
drawn. Particle disintegration in general fits well with the scheme of the dis- 
integration series; the inclusion of y-radiation, on the other hand, plays havoc 
with its basic simplicity. Nevertheless, in certain cases, even as regards 
particledisintegration, anomalies occur—and thequestion arises, may not these 
anomalies be in some way connected with peculiarities of the associated y-ray 
changes? The most pronounced abnormalities characterise the disintegration 
of theC bodies in all three series—there is the well-known dual disintegration 
of radium C, thorium C, and actinium C, there is the emission of groups of 
long range a- particles of rare occurrence by radium C and thoriumC or their 

subsequent short-lived products," and, finally, there is the additional com- 
plexity recently revealed in the “normal” a-particle emission of thorium C 
by the work of Rosenblum.“ These two latter features, at least, possess 


12 Soddy, Phil. Mag. 18, 739 (1909), in connection with the characteristics of hypothetical 
“rayless” changes, reached a result mathematically merely a special case of the above (m =1). 
18 See Nimmo and Feather, Proc. Roy. Soc. 122A, 668 (1929). 
4 Rosenblum, Comptes rendus 188, 1401 (1929). 
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numerical characteristics which might be made the basis of tentative hypoth- 
eses. 

It is interesting to calculate the energy differences as between the common 
and the uncommon modes of disintegration in the different cases. For the 
satellite lines in the a-particle spectrum of thorium C this may be done direct- 
ly. Rosenblum’s results indicate groups of particles of energy respectively 
0.4X 10° electron volts greater, and 3.0 and 4.7105 electron volts less, than 
the normal. For the groups of long range a-particles, where the immediate 
data consist of ranges, the calculation is very much less certain. To employ 
the simple Geiger law, as was done by Bates and Rogers,” may lead to grave 
error. In the following table Laurence’s® correction curve has been used. 
This curve, showing the departure from the simple law as a function of the 
range, has been linearly extrapolated. Energy differences are probably cor- 
rect in all cases, at least to 3 percent. 














a particle Energy Energy difference 
Product range* cm electron volts X 10-* 

Radium C 6.96 7.69 — 

8.1 8.45 0.76 

9.16 9.10 1.41 

10.0** 9.62 1.93 

11.0 10.20 2.51 

Thorium C 4.78 6.02 —2.75 
8.62 8.77 _ 

9.90 9.56 0.79 

11.70 10.59 1.82 








* “Extrapolated ionization range” in air at 15°C and 760 mm. 
** Rather more doubtful than the rest. 


Let us first consider the results of Rosenblum’s experiment. There are 
three possible explanations: the effect may be extra-nuclear, or, if intra-nu- 
clear, then either primary or secondary. The magnitude of the energy dif- 
ferences and the sharpness of the satellite lines '? almost certainly rules out 
the first explanation. If the effect were a primary intra-nuclear phenomenon 
then either we must assume that the disintegration of an atom of thorium C 
is “governed” by five partial disintegration constants, A$, Aa, - - - , Aas, Cor- 
responding to the 6-particle mode and the four @ particle modes, or we must 
regard thorium C as a mixed element each atom of which has in some way be- 
come “earmarked” to undergo one mode of disintegration rather than 
another. In the first case the Geiger-Nuttall, or some equivalent relation, 
would indicate that the frequencies of the different a-particle modes should 
be uniquely related to the respective energies, the group of highest energy 
being the most abundant—and, in the second case, on the basis of a similar 
argument, we should not expect the four a-particle groups to decay with the 


4% Bates and Rogers, Proc. Roy. Soc. 105A, 97 (1924). 

16 Laurence, Proc. Roy. Soc. 122A, 543 (1929). 

17 The writer has had the opportunity of examining a reproduction of an original photo- 
graph. 
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same period. Periods roughly in the ratios 2/3: 1:60: 550 might be anticipat- 
ed. Neither conclusion will bear the test of experiment: the most intense 
group is not that of highest energy, whilst, if tested over an interval of 30 
hours against the a-particles of thorium C’, the a-particle emission of thorium 
C exhibits a simple exponential decay." 

There remains only the possibility, on the basis of present ideas, that the 
effect is both nuclear and also secondary in character, that is, that the small 
energy differences found outside the atom are due, not to the fact that the 
different groups of a-particles haveoriginated in fundamentally distinct quan- 
tum levels within the nucleus, but rather to some internal process which has 
changed the intrinsic energy of the disintegration particle in one nucleus and 
not in another. We are as yet almost entirely ignorant of the mechanism of 
y-ray emission. There is the suggestion that it is probably concerned with 
a-particle transitions ;!* it may, in fact, be just such a process as that for which 
we are here in search. The second most prominent line in the y-ray spectrum 
of thorium B corresponds to a quantum of energy 3.02X10® electron volts. 
Some of the atoms of thorium C which undergo a transformation must have 
emitted this y-ray.2° Now Rosenblum has shown that ina number of cases 
the a-particle is ejected with 3.0X10* electron volts energy less than the 
normal. In a similar manner we know that the §-particle disintegration of 
thorium C’’ follows the a-particle disintegration in all cases—and in a 
certain f-action of these the y-ray of energy 0.408 X 105 electron volts is finally 
emitted. Now there are cases in which the thorium C a-particle has already 
carried away 0.4X 10° electron volts excess energy. It may be that in each case 
we are here concerned merely with numerical coincidences, but it is tempting 
to believe that more than this is involved. Nevertheless, in respect of the 
third satellite line, corresponding to 4.7X10° electron volts energy defect, 
nothing as promising can be found; thorium B possesses no y-rays of this 
energy, although there is, in fact, a weak line, (number 28) in the natural 
8-ray spectrum of thorium C’”! which corresponds to a y-ray of energy 
4.79 10° electron volts. 

In the y-ray spectrum of radium C—we are concerned now with the long 
range a-particles—there are prominent lines corresponding to quanta of ener- 
gy 0.773 and 1.426 million electron volts, respectively, and individual lines 
in the natural B-ray spectrum” (E49 and E57) suggest weak y-rays of energy 
1.95 and 2.53 million electron volts, respectively. These four energy values 
are in good agreement with the first four entries in the last column of our 
table. If this agreement be significant it relates the most prominent group of 


1% Marsden and Barratt, Proc. Phys. Soc. Lond. 24, 50 (1911). 

1 Kuhn, Zeits. f. Physik 44, 32 (1927). Phil. Mag. 8, 625 (1929). In the second paper 
additional evidence is advanced for assigning transition probabilities smaller than 10% sec™ 
to certain y-ray processes. 

20 It is to be supposed that an equivalent fraction of those undergoing the § transformation 
will likewise have emitted the y-ray in question. 

*t Black, Proc. Roy. Soc. 109A, 166 (1925). 

# Ellis, Proc. Camb. Phil. Soc. 22, 369 (1924). 
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long range a-particles with the y-ray of 1.426X 10° electron volts energy,” and 
this appears f om measurements of internal (extra-nuclear) absorption to be 
the most intense in the spectrum.™ Again, however, it may be that we are 
concerned merely with cases.of numerical coincidence. Inadditiontheremight 
seem to be an a priori objection to the reality of the supposed connection, 
for, whilst the emission of a long range a-particle is an extremely rare occur- 
rence, the emission of the more abundant y-rays is relatively frequent. Yet 
the objection is not entirely cogent. Ordinarily it must be assumed that the 
-ray emission and the a-transition are consecutive processes, but, in a small 
fraction of the cases, when the latter event occurs very shortly after the pre- 
ceding 8-particle change, it may be possible that the total energy of the two, 
processes should appear as kinetic energy associated with the a-particle.* 

In the parallel case of the long range a-particles from thorium C difficul- 
ties at once appear. In the first place, since energy differences refer to ener- 
gies in excess of the value characteristic of the a-particle disintegration of 
thorium C’, we ought logically to restrict our investigations to that branch 
of the series. Now there is no known y-ray definitely attributable to thorium 
C itself, and the y-radiation, if any, of thorium C’ must be very small in a- 
mount. There is, therefore, no material for comparisions such as we have pre- 
viously made. Since, however, the chance of a very small time interval be- 
tween 6 and a-particle changes is presumably much greater in the case thor- 
ium C—>thorium C’ than in the corresponding case in the radium series, it 
may be that a very weak y-radiation from thorium C would be sufficient to 
explain the effect. Finally, we should notice in passing that a moderately 
strong y-ray, supposedly due to thorium C’’, possesses exactly the energy (0.79 
X 10® electron volts) representing the difference between the energies of the 
9.9 cm and the normal 8.6 cm a-particle groups. Yet, for the characteristic 
energy of the most abundant of all the groups of long range a-particles— 
that of 11.7 cm range from thorium C—it is not possible to find any simple 
numerical relationship of the type that we have been discussing. 


* Also it arbitrarily attributes the particles to an atom of atomic number 84. There is no 
definite experimental evidence on this point. 

* It is now known from measurements of the excited spectra that the true intensity is, 
in fact, much smaller than this; cf. discussion on the structure of atomic nuclei, Proc. Roy. 
Soc. 123A, 385 (1929). 

*% Cf. Nimmo and Feather. reference 13 p. 685. 
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ABSTRACT 


Materials showing increased electron emission when illuminated.—Ultra-violet 
light was found to increase the electron emission from hot filaments coated with 
cerium dioxide, or thorium oxide, or calcium oxide, or calcium iodide. 

Characteristics of the photo-emission from cerium dioxide.—In the case of 
cerium dioxide on platinum at about 1000°C the photo-emission varied linearly 
with the intensity of the ultra-violet light; wave-lengths above 3000A were not effec- 
tive. Air, hydrogen, or oxygen, in small amounts caused a decrease in the photo- 
emission. The saturation photo-currents showed distinct increase with increase 
in temperature. Sufficient evidence was not obtained to decide whether this con- 
stitutes a variation of the true photoelectric effect with temperature or whether 
some other cause operates such as change of surface by bombardment. 


INTRODUCTION 


HE fact that the electron emission which occurs when light falls upon 

oxide-coated conductors is greater when these are hot than when they 
are cold was first announced by Case.’ Case reported that light from a tung- 
sten lamp caused a large electron emission from the plate of a Western Elec- 
tric Audion tube. Merritt? proved that the hot oxide-coated filament of the 
Western Electric tube showed the same effect. Investigations of a similar 
nature on the Western Electric filament were carried out by Koppius,* Gibbs 
and Meachem,‘ Arnold and Ives,5 and Majorana.’ W. H. Crew’ found the 
same effect with a hot filament consisting of a platinum strip coated with a 
mixture of the oxides of barium and thorium. In each of the preceding ex- 
periments of the photo-emission from the cold filament was but a small frac- 
tion of that from the hot filament. 

The present investigation was undertaken with the purpose in view of 
determining whether any other oxides or compounds exhibited a variation of 
photo-emission with temperature. It was found that several other oxides 
and compounds did exhibit a change in photo-emission with temperature but 
the magnitudes of the changes found were not as great as in the case of the 
Western Electric filament. 


1 Case, Phys. Rev. 17, 398 (1921). 

2 Merritt, Phys. Rev. 17, 525 (1921). 

3 Koppius, Phys. Rev. 18, 443 (1921). 

4 Gibbs and Meachem, Phys. Rev. 19, 415 (1922). 

5 Arvald and Ives, Proc. Nat. Acad. Sci. 7, 323 (1921). 
* Majorana, Il Nuovo Cimento p. 218, 1926. 

7 Crew, Phys. Rev. 28, 1269 (1926). 
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EFFECT OF LIGHT ON ELECTRON EMISSION 


APPARATUS AND PROCEDURE 


The materials were studied on either platinum, or tungsten, or nichrome 
filaments. The platinum filaments were thin platinum strips 1 cm long and 
3 mm wide. A current of 5 amp. was sufficient to heat them to about 1000°C. 
The tungsten filaments consisted of 25 cm of 5 mil tungsten wire wound ina 
coil 1.5 cm long. The nichrome filaments were nichrome ribbon, 1 mm wide, 
10 cm long, wound in a coil. In each case the filament was spot-welded to 
leads of 35 mil tungsten wire which was sealed through the glass walls of the 
tube (see Fig. 1). The plate was a flattened cylinder made of one turn of 
nichrome ribbon 4 mm broad. This ribbon was first heated in a good vacuum 
in a separate tube for two hours at a temperature just slightly below the melt- 
ing point. Of lengths of about 40 cm thus heated most of it would fuse so 
that only about 5 or 6 cm were available for use. The treatment left it very 
clean and bright. The average distance from the plate to the edges of the 
filament when mounted in the tube was 1 mm. 


> L 
i) 


Ke 








Fig. 1. Diagram of apparatus. 


Oxides were coated on the filaments by applying saturated aqueous solu- 
tion of the corresponding nitrates to the filament, warming it over a bunsen 
flame to remove the water, and then continuing the heating until the nitrate 
decomposed leaving the oxide on the filament. The other salts investigated 
were applied to the filament in the form of an aqueous solution and suff- 
cient heat applied to drive off the water. 

Fig. 1 shows the essential portions of the set-up. 7 is a Pyrex, two-elec- 
trode tube, 4 cm in diameter and 15 cm long and fitted with a Cooper-Hewitt 
graded quartz-to-Pyrex seal, 2.5 cm in diameter. Q is the quartz window. 
The tube was evacuated through a side tube, S, which led to a two-stage 
mercury diffusion pump and a McLeod gauge. A battery of large lead cells, 
A, supplied the filament current. A high sensitivity Leeds and Northrup 
galvanometer (1900 meg), G, was in the plate circuit together with a plate 
battery of Burgess dry cells. Galvanometer deflections due to thermionic 
currents could be balanced out by means of dry cells and a 10 meter Kohl- 
rausch slide-wire P. The light source, M, was a Gallois quartz mercury arc 
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run by storage batteries at 126 v and 3.5 amp. The light was passed through 
the 3 cm thin quartz bulb, W, which contained distilled water. The buib 
; focused the light on the filament and removed heat radiation from the beam. 
L isa shutter. The distance from the source to the filament was usually 10 
cm. 

In making a run a heater was first slipped over the tube and the pumps 
were started. The tube was baked out at 400°C for two hours and then at 
300°C for one hour. In every case the pumping was continued until the pres- 
ure reading on the McLeod gauge was 10-* mm Hg. The pumps were run 
constantly during readings. The mercury arc was always allowed to run for 
half an hour before readings were taken in order to insure steady illumina- 
tion. The shutter was opened and light thrown on the cold filament. No ef- 
fect was observed. Then the filament was heated by a current, the tempera- 
ture of the central hottest portion of it was measured with a Leeds and Nor- 
thrup optical pyrometer, and the galvanometer deflection caused by the ther- 
mionic current was balanced out. The shutter was opened again and any 
current caused by the light could be read from the scale. 


QUALITATIVE RESULTS 


An increase in photo-emission with increasing temperature was found in 
the following materials: calcium iodide on platinum, calcium oxide on plat- 
inum, calcium oxide on tungsten, thorium oxide on platinum, cerium oxide 
on platinum, cerium oxide on nichrome, cerium oxide on tungsten. No effect 
was found with barium iodide on platinum and zirconium oxide on tungsten 
although in this latter case it was found on dismantling the tube that a thin 
coat of some material had distilled on the inner surface of the quartz window 
and possibly this prevented ultra-violet light from entering the tube. 

In the case of calcium iodide the total radiation from the arc gave no 
measurable current with the filament cold. When current was passed through 
the filament and it became a dull red there was, in addition to a thermionic 
current of 40X10-* amp., a photo-current of 1X10-* amp. Thin pieces of 
mica or of window glass interposed in the path of the light completely an- 
nulled the photo-current hence the effect was due to the ultra-violet below. 
about 3000A. Because the thermionic currents are unsteady and capricious 
this material was not investigated further. 

Calcium oxide on platinum and on tungsten yielded no measurable photo- 
current with the total radiation from the arc when the filament was cold. 
When the filament was at a dull red there was always a measurable photo- 
current but reproducible results were not obtained. Calcium oxide was coated 
on three different platinum strips. Each of these was mounted in turn in the 
tube under as exactly identical conditions as possible. If the filament cur- 
rent in a given case was held constant and the plate voltage varied from zero 
to 135 v the form of the photo-current curve was quite dissimilar in the three 
cases. Preparations are now being made to investigate this matter more 
thoroughly. It is of interest to note that one of the filaments yielded a plate 
voltage-photo-current curve of the same form as found by W. H. Crew’ for 
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a mixture of barium and thorium oxides i.e. at about 8 v plate voltage the 
photo-current curve experienced a large relative maximum quite unlike 
ordinary plate voltage-photo-current curves. 

A sample of thorium oxide on platinum yielded no photo-current when 
the filament was cold. When the filament was at a bright red and emitting 
a thermionic current of 1.8X10-’ amp. the total radiation from the arc 
caused a photo-current of 1.2X10-* amp. A thin piece of glass inserted in the 
path of the beam of light caused the photo-current to drop to zero, and there- 
fore the effect is not caused by the visible portion of the spectrum. 

Cerium oxide yielded quite steady thermionic and photo-currents and it 
was decided to study it in some detail. The oxide was obtained by decompo- 
sition of a sample of cerium nitrate of the General Chemical Co. There were 
probably small amounts of the nitrates of praesodymium and neodymium 
present as impurities. The oxide produced had a yellowish red color. 

The most important qualitative observations are: none of the metals used 
in the tube yielded sufficient photo-current to afford a reading on the gal- 
vanometer of the sensitivity used. This was true both for the cold condition 
and when heated. On the contraryalthough the cerium dioxide when coated on 
platinum, or tungsten,or nichrome, yielded no measurable current when cold, 
it never failed to yield a measurable photo-current when hot and in all cases 
this photo-current increased with the temperature of the filament. All told, 
about nine different tubes were made and in every case, no matter what the 
metal of the filament, the result was qualitatively the same.. It is fair to sup- 
pose, then, that the variation of photo-emission with temperature is a prop- 
erty of the oxide rather than the underlying metal or else that if the varia- 
tion is due to some interaction between the oxide and metal this interaction 
is not confined to a single metal. 

With the disposition of the tungsten seals as is shown in Fig. 1 some of 
the ultra-violet light passes the filament and falls on the place where the 
tungsten leads pass through the walls. It is conceivable given a small amount 
of surface contamination on the glass, that the ultra-violet light might change 
the surface conductivity and thus yield a spurious “photo-current” in the 
form of a conduction current between the filament and plate. The glassware 
was very thoroughly cleaned with hot chromic acid, alcohol, and ether, to 
prevent this. But a more convincing proof is offered in the fact that the var- 
iation in photo-current with temperature was observed in a tube in which each 
lead was sealed through a separate side tube and the light passed back into 
the vacuum system. Hence the currents observed are hardly false effects due 
to conductivity changes. 

As well as could be determined with the eye there was no lag in the re- 
sponse of the filament to the light; the photo-current rose immediately to its 
maximum value. The water cell was of sufficient diameter to absorb the heat 
radiation from the light of the arc; therefore the current is hardly due to 
heating effects. 

The photo-current was found to be due to radiation shorter than about 
3100A. A piece of soda glass 1 mm thick interposed between the quartz win- 
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dow and the arc reduced the photo-current to zero. A piece of colorless mica 
0.1 mm thick did the same in the case of most of the samples of mica 
tried; two samples of mica reduced the current by 95-percent of its original 
value. A filter of Corex D glass, 2 mm'thick and with a lower limit of trans- 
mission of 2600A reduced the photo-current to 55 percent of its original value; 
thicker pieces of Corex D, 3.49 mm and 4.99 mm, yielded reductions in cur- 
rent to 45 percent and 35 percent respectively. No attempt was made to use 
a quartz monochromator because reduction in the intensity of the ultra-vio- 
let light would require working at temperatures so high that the thermionic 
current becomes too large to handle conveniently on a galvanometer that is 
sensitive enough to record the photo-current. 


PLATE CURRENT-PLATE POTENTIAL CURVES 


Figure 2 shows the variation of photo-current with varying plate poten- 
tial at various temperatures for cerium oxide on platinum. The curves show 
a distinct variation of the saturation currents with temperature of the fila- 
ment. The plate potentials were raised to at least 40 v in every case, and in 
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Fig. 2. Photo-current plate potential curves at various temperatures. 


two cases to 160 v, to make certain that the current values at 21 v were real- 
ly saturation values. The currents rise to saturation at remarkable low posi- 
tive plate potentials. It has been previously stated under the discussion of 
the qualitative observations that one sample of calcium oxide on platinum 
showed a high maximum in the photo-current at about 8 v and that this had 
the same form as the maxima found by W. H. Crew’ for the photo-currents 
from mixtures of barium and thorium oxides. In the present case of cerium 
oxide no such maxima were ever observed although very careful search was 
made for them. The question of the reproducibility of the curves is, of course, 
of interest. In order to test this point the filament current was increased by 
half an ampere after the readings at 1070°C in Fig. 2 were taken and the fila- 
ment allowed to remain at the higher temperature for half an hour. Then the 
current was decreased until the temperature was 1030°C and readings taken 
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there to see if the points coincided with those previously obtained at this 
(1030) temperature. At two of the plate potentials the readings were exactly 
the same as before, the others checked to within 3 percent except one which 
showed 5 percent difference. Attention should be called to the large magni- 
tude of the photo-currents from the relatively small area of oxide. 


VARIATION OF SATURATION CURRENT WITH TEMPERATURE 


In Fig. 3, Curve I shows the variation of the photo-current with filament 
temperature, the plate potential being 40 v. Since by “filament” tempera- 
ture is meant the temperature of the central hottest portion and since the 
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Fig. 3. Curve I—Variation of saturation photo-current with temperature. 
Curve II—Variation of the ratio of photo-current to thermionic current with temperature. 


end portions of the filament are much cooler than the center the curve can 
only be considered as giving an approximate representation of the variation 
of the photo-current with temperature. Curve II in the same figure represents 
the ratio of the photo-current to the thermionic current with a plate poten- 
tial of 40 v. It can be seen that although the thermionic current is many times 
larger than the photo-current at higher temperatures the photo-current is 
the larger at the lower temperatures. The same effect was noted qualitatively 
in the case of calcium oxide on platinum. Case* reported an instance in which 
the photo-current was about two hundred times the thermionic current in 
an experiment with his barium cell. 


VARIATION WITH INTENSITY OF LIGHT 


The intensity of the light incident on the filament was varied by inserting 
diaphragms with different size apertures between the arc and the quartz- 
water bulb. In order to measure the relative intensities the method of W. T. 
Anderson and F. W. Robinson® was used and found to be very convenient. 
It may be briefly described by stating that the ultra-violet light is allowed to 


8 Case, Phys. Rev. 18, 413 (1921). 
* Robinson, Jour. Am. Chem. Soc. 47, 718 (1925). 
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fall upon a quartz vessel containing an aqueous solution of oxalic acid and 
uranyl sulfate. The oxalic acid undergoes decomposition, gas bubbles coming 
off visibly; the rate of decomposition, of, the oxalic acid being proportional to 
the intensity of the ultra-violet light. A titration with potassium permanga- 
nate solution is used to determine the amount of oxalic acid decomposed in 
a given time. In the present experiment the solution was placed in the quartz 
vessel against the quartz window of the tube and the relative intensities of 
the beams with different diaphragms determined by titration. The results 
are shown in Fig. 4. The photo-current varies with the intensity of light in a 
manner which seems to be best represented by a linear relation. 
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Fig. 4. Variation of the saturation photo-current with light 
intensity at two different temperatures. 


THE EFFECT OF GASES 


In view of the fact that the oxides of cerium are rather easily reduced 
and re-oxidised it was thought to be of interest to investigate the effect of 
gases upon the photo-current particularly hydrogen and oxygen. Before dis- 
cussing the method used it can be said at once that the presence of small 
amounts of air, or hydrogen, or oxygen, caused a reduction in the photo-cur- 
rent. The system was pumped down until the pressure was 10-* mm of Hg. 
The saturation photo-current (plate potential 40 v) was measured at 1000°C. 
After air was allowed to leak slowly into the system until the pressure fell 
to 10-5 mm the photo-current was only 30 percent of its former value. The 
comparison between air and oxygen and hydrogen was made on a different 
filament than the one just mentioned. The method of introducing the hy- 
drogen and oxygen was as follows: after the reading had been taken with air 
at 10-5 mm hydrogen was let into the tube untilthe pressure wasatmospheric; 
then the tube was pumped down to about 10-5 mm Hg, and then hydrogen 
was again admitted until the pressure was atmospheric. The process was re- 
peated until the tube had been pumped out and washed with hydrogen five 
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times. Finally hydrogen was allowed to leak in until the pressure was 1.5X 
10-* mm Hg. Then the photo-current was measured. The same precess was 
used for oxygen. The results of the comparison between air and hydrogen 
and oxygen are shown in Fig. 5. There is no evidence of increased photo- 
emission due to reaction of oxygen or hydrogen with the cerium oxide; on 
the contrary the emission is decreased in each case. 
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Fig. 5. Effect of gases on saturation photo-current. 


DISCUSSION OF RESULTS 


It is of considerable interest to inquire as to whether or not the preceding 
experimental results irtdicate a variation of the true photoelectric effect with 
temperature. Discarding such patently invalid explanations as spurious con- 
dition effects or thermal effects of illumination we can turn to the question 
of the possibility of release in some manner of space charge electrons by the 
illumination. As has been pointed out by Crew’ the release of space charge 
electrons around the filament is not a reasonable explanation of the source of 
the photo-current because the pure metal filaments do not yield these same 
photo-currents and space charge electrons exist in the case of the pure metal 
filaments as well as in the case of the oxide-coated ones. 

There exists considerable collateral evidence pointing toward a possible 
explanation of the effects here reported. In the case of thermionic emission 
from filaments of barium oxides on platinum Barton! has shown the electron 
emission to be accompanied by the emission of singly charged, negative, 
molecular oxygen ions. When this is considered in conjunction with the work 
of Harris" on the same filament which showed chemical combination between 
the underlying platinum and metallic barium or strontium it seems reasonable 
to suppose that some decomposition of the oxides has occurred. The results 
of Koller” on the thermionic emission from this same filament seemed to be 


1° Barton, Phys. Rev. 26, 360 (1925). 


" Harris, Phys. Rev. 24, 679 (1924). 
12 Kaller, Phys. Rev. 25, 671 (1925). 














1574 C. E. BERGER 


explained best by the assumption of the formation of a thin surface layer of 
metallic barium or strontium on the oxide, presumably due to positive ion 
bombardment of the oxide. The recent experiments of MacNabb® show that 
thermionic emission from commercial oxide-coated filaments depends for its 
origin upon the bombardment of the oxides by positive ions from carbon 
dioxide gas released from the filament. Again, the decrease in photoelectric 
work function of Western Electric oxide-coated filaments as temperature was 
increased seemed to be explained best by Koppius* as due to change in the 
oxide surface because of bombardment by gases. It may possibly be, then, 
that in the present experiments the surface of the cerium oxide is changed by 
impacts of postive ions formed from gas liberated from either the oxide itself 
or from the underlying platinum. 

The viewpoint that the results obtained for cerium oxide indicate a case 
of variation of the true photoelectric effect with temperature finds support in 
the linear variation with light intensity, in the form of the plate potential 
curves, and in the reproducibility of the curves. 

In conclusion it can be said that there are not sufficient experimental data 
available to decide whether the true photo-current from cerium dioxide does 
undergo variation with temperature or whether the variations are due to var- 
iations in the surface of the oxide. 

This investigation was carried on at the Physics Laboratory of Cornell 
University. The writer wishes to thank Professor E. Merritt for suggesting 
the investigation and for his continued interest and helpful advice. Grateful 
appreciation for helpful suggestions is also expressed to Professor E. Kennard 
and to Mr. H. Banta who has given invaluable help in the construction of the 
apparatus. 


18 MacNabb, J.0.S.A. & R.S.I1. 19, 33 (1929). 
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ABSTRACT 


Specific heat.—The specific heat of beryllium was obtained from cooling data by 
equating the heat loss per cm length per unit time from beryllium to that from zinc. 
The values obtained increase rapidly with a rise in temperature from 0.0389 at 
—175.6°C to 0.593 at 190°C. 

Thermal conductivity—The modified Forbes method of Bidwell was used to 
determine the thermal conductivity of this metal. Values of k were calculated with 
three different sets of distances from the first junction as origin for each run at a given 
surrounding temperature. & was found to increase with a rise in temperature from 
0.232 at —176.2°C to 0.508 at 190.4°C. 

Specific resistance.—The specific resistance variesaccording tothe heat treatment 
given the sample. Values recorded in this article are those obtained after a steady con- 
dition had been established after repeated treatments from liquid air temperature 
to 700°C. Measurements made on two samples check each other closely. They are: 
1.56 microhms at —191°C; 6.76 microhms at 22°C; 19.05 microhms at 305°C; and 
40.00 microhms at 690°C, 

Temperature coefficient of resistance.—The temperature coefficient of resistance, 
a, is not a constant over the above range. It increases with a rise of temperature 
but not linearly. The graph of this quantity plotted against temperature shows three 
distinct sections, a has the following values: 0.000371 at —190°C; 0.00667 at 20°C; 
0.00800 at 310°C; 0.00858 at 500°C; and 0.01196 at 685°C. 

Thermoelectric power.—The thermoelectric power of beryllium against lead 
seems to vary linearly with temperature. However, at —50°C the graph of the 
thermoelectric power plotted against temperature shows a break. This, considered in 
connection with the results obtained for the temperature coefficient of resistance, 
suggests the probability of a change in allotropic form. 

Wiedemann-Frantz-Lorentz law.—The Wiedemann-Frantz-Lorentz law, that 
k/oT is a constant, is not obeyed by this metal. 


HREE years ago, soon after beryllium could be obtained in a highly pure 
state, it was thought desirable to determine certain of the physical prop- 


erties of the metal.! The specific heat was determined in conjunction with the 
thermal conductivity over the range from liquid air temperature to 200°C, 
the thermal conductivity being determined by the modified Forbes method of 
Bidwell.? However, the writer introduced one change by bringing the junction 


1 A rod of beryllium, commercially pure, was obtained from the Beryllium Company of 
America, This showed, when analyzed spectroscopically, traces of aluminum, manganese and 
chromium, and smaller traces of iron, silicon and magnesium, a total of about 0.5 percent. 
In addition, x-ray shadow pictures of the sample showed physical imperfections to be so small 
that they could be neglected without introducing any appreciable error in the calculations. 
? Bidwell, Phys. Rev. 28, 584 (1926). 
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leads out to the edge of the fiber disks and then parallel to the axis of the 
sample to the top of the containing tube, thus allowing better radiation from 
the sample to the surrounding constant temperature baths. Investigations of 
specific resistance and temperature coefficient of resistance were carried out 
over a much greater range of temperatures, liquid air to 700°C. The ther- 
mo-electric power against lead was determined only over the range from liquid 
air temperature to 200°C. Using the results obtained for the thermal con- 
ductivity and the specific resistance the Wiedemann-Frantz-Lorentz relation 
was calculated. 


SPEcIFIC HEAT 


Procedure. The determination of the specific heat of beryllium was made 
from cooling data. A piece of the original beryllium sample 6 cm long and a 
zinc rod of about the same length but of exactly the same diameter were each 
mounted with a single junction and three disks in the Pyrex tube used later 
for gradient data. Cotton plugs were inserted above and below these small 
rods to prevent heat losses through the ends. Readings of the junction were 
taken every half minute as each rod cooled through the range of temperatures 
possessed by various parts of the rod in the thermal conductivity experiment. 
Several runs were taken on each metal. In order to obtain an average of the 
runs the readings were plotted against time. One run was plotted and a smooth 
curve drawn; then the other runs were plotted so as to coincide with the first 
at the middle of the temperature range needed for determining the thermal 
conductivity. Then an average curve was drawn through all points plotted. 
The micro-volt readings used in calculating the specific heat were taken from 
this average curve. 

According to Newton’s Law of Cooling, heat loss per cm length is the same 
for all metals provided the surface is the same and the dimensions of the ap- 
paratus are the same. These conditions were met as the cooling data were 
taken in the tube used for the gradient data and the samples had the same 
diameter. To make sure that slight variations in the character of the sur- 
faces of the two samples had no effect, runs were made having a coating of 
soot on each specimen. Within the experimental error this yielded no change 
in the specific heat. The heat loss curve plotted against temperature is a near- 
ly straight line over a range of 20°C and in the results here reported the range 
was never more than 6°C. Thus the following equation may be written 


(1/L-M-S-dT/dt)p.=(1/L-M-S-dT/dt)zn 


for any one temperature, where L is the length, M the mass, S the specific 
heat, and d7/dt the rate of cooling. The specific heat of beryllium was deter- 
mined from the above equation using the specific heat of zinc determined by 
drawing a mean graph through all the values given by Landolt and Bérnstein. 

Results. The results of the specific heat measurements are found in Table 
I and Fig. 1. Over the range from liquid air temperature to 200°C the speci- 
fic heat, S, increases with increase in temperature. At —175.6°C the value of 
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S is 0.0389. Dewar*® gave 0.0137 as the average specific heat over the range 
— 253°C to —196°C. Humpidge‘ gave a value of S equal to 0.445 from 45°C 
to 50°C, while the value found in this experiment taken from Fig. 1 is S= 





SPECIFIC, HEAT 
BERYLLIUM 








~200° -100° 0° 100° 200°C 
Fig. 1. Specific heat of beryllium. 


0.457 at 50°C. The work of Nilson and Pettersson® in 1881 gives the average 
specific heat from 0°C to 300°C as 0.5060 which is lower than found in this 
experiment, 0.565 at 150°C. Thus the values obtained in the present inves- 
tigation agree quite well with those reported by early observers. 


TABLE I. Specific heat of beryllium. 














Various Points Temp.°C Specific Heat. 
Liquid Air 175.6 0.0389 
CO, Snow — 65.0 0.270 
Ice-Water 9.5 0.399 
Hot Water 104.0 0.519 
Hot Air 190.0 0.593 








THERMAL CONDUCTIVITY 


Apparatus and procedure. The specimen of beryllium in the form of a rod 
21 cm long and 1 cm in diameter was heated at one end by a coil of about 20 
turns of asbestos covered nichrome wire. This was insulated from the rod by 
two layers of mica. Starting 1 cm from the heater coil copper-advance junc- 
tions (#29 wire) were placed spirally along the rod at intervals of 2.5 cm and 
60°. The junctions were silver soldered and mounted in small holes (No. 60 
drill) by wedging in small pieces of copper wire to make a good contact. 
Great care was taken to have the junctions as near the surface as possible. 
The specimen was slipped into a Pyrex glass tube 2.5 cm in diamter, 40 cm 
long, and closed at the lower end. All junction leads and heater coil leads 

’ Dewar, Proc. Roy. Soc. A89, 158 (1913). 


*‘ Humpidge, Proc. Roy. Soc. 35, 137 and 358 (1883). 
5 L. F. Nilson and O. Pettersson, Berichte 13, 1451 (1881). 
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were brought out the top of the tube and cotton was stuffed in the top of the 
tube to cut down convection currents. The tube containing the specimen was 
placed in a Dewar cylinder 40 cm long and 6.6 cm in diameter. Constant 
temperature baths were obtained by filling the Dewar in turn with liquid air, 
CO, snow and ether, and water. A higher temperature was obtained by a hot 
air jacket. As soon as the readings of the junctions reached the temperature 
of the bath, indicating that a steady state had been reached, the top of the 
rod was heated by means of the heater coil until the top junction read about 
10° higher than that of the surrounding bath. After about an hour readings of 
each junction were taken and repeated until a steady state had established 
itself. Usually the rod was later allowed to cool down to the temperature of 
the surroundings and another set of “zero” readings taken. This permitted 
discrepancies in junction readings to be taken into account. Cooling data 
taken as previously described were used again in the calculation of the heat 
loss per cm length per unit of time. 

The CO, snow and ether were placed in the Dewar cylinder and stirred 
from time to time, as was the liquid air, to keep the temperature as uniform 
as possible. For the point near 0°C icewater was pumped out of the bottom of 
a pail of cracked ice into the bottom of the Dewar and allowed to run out at 
the top and trickle down through the ice again. In this way a very uniform 
temperature of about 0.5°C above zero was maintained. A higher temperature 
of about 98°C was obtained by pumping boiling water through the Dewar. 
The highest surrounding temperature was obtained by use of a double- 
walled brass cylinder heavily lagged to prevent radiation, through which 
heated air was flowing at a constant rate. 

The relative temperatures along the rod were obtained by dividing the 
difference in micro-volts between two junctions by the micro-volts per degree 
for the particular temperature obtained from the calibration equation of the 
junction.® Relative temperatures along the rod were known to within 0.05°C 
at the lower temperatures and much better than that for the higher tempera- 
tures as the micro-volts per degree increase with a rise in temperature. Actual 
temperatures may have been uncertain as much as one degree at the most. 

The theory of the method has been very clearly given in detail by Bidwell 
in the article previously mentioned. After obtaining the temperatures at 
fixed points along the rod, measured from the first junction at the hot end as 
origin, the method is essentially a graphical one. It depends on the slopes and 
intercepts of graphs, one of which is d7/dx against T and another the heat 
loss per unit time plotted against temperature. From these graphs together 
with three others also mentioned by Bidwell the constants are obtained which, 


when substituted directly in a relatively simple formula, give the value of k 
at once. 


¢ The junctions used were calibrated against junctions which had previously been cali- 
brated by the United States Bureau of Standards as follows: one pair of copper-advance 
junctions for the range 0°C to liquid air temperature, accurate to +0.2°C, and another pair 
of the same materials for the range from 0°C to 350°C, reliable to +0.5°C. For the higher 


temperatures used in the specific resistance experiment chromel-alumel junctions were used 
which were good to +3.0°C. 
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Discussion of results. The values of the thermal conductivity of beryllium 
are given in Table II. It will be seen that & has been calculated for three 
different sets of distances from the origin and that the value of k decreases as 
the origin is approached in all cases. The general trend of an increase in the 


TABLE II. Thermal conductivity. 

















k k k Av. k Grand Grand 
Temp. 5-10 4-9 3-8 3-10 Av. Temp. Av.k Av. Temp. 
Liquid Air 
— 176.04 0.202 
— 176.37 0.220 
— 176.64 0.242 0.221 — 176.37 
— 175.30 0.204 
—175.61 0.235 
—175.91 0.270 0.236 —175.61 
—176.10 0.201 
— 176.55 0.238 
—176.81 0.277 0.239 —176.49 0.232 —176.2 
CO; Snow 
— 65.91 0.308 
— 66.18 0.342 
— 66.43 0.381 0.344 — 66.17 
— 63.53 0.277 
— 63.85 0.299 
— 64.08 0.338 0.305 — 63 .82 0.325 —65.0 
Ice-Water 
9.53 0.358 
9.31 0.379 
9.05 0.409 0.382 9.30 
9.71 0.372 
9.42 0.393 
9.18 0.423 0.396 9.44 
9.63 0.361 
9.36 0.399 
9.10 0.441 0.400 9.36 0.393 9.4 


Hot Water 


105 .57 0.454 

105.21 0.468 

104.88 0.492 ° 0.471 105 .22 

105 .63 0.426 

105.18 0.440 

104 .87 0.462 0.442 105 .23 0.457 105.2 
Hot Air 

190 .67 0.470 

190 .40 0.501 tee smd 

190.17 0.552 0.508 190 .40 0.508 190.4 








value of the thermal conductivity with increase in temperature is clearly 
shown in Fig. 2 where the grand average values are plotted. 

The lowest surrounding temperature was obtained through the use of 
liquid air, as liquid oxygen or hydrogen was not available. This becomes war- 
mer the longer it stands and also during use, as the nitrogen evaporates first. 
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On this account it is very difficult to have the gradient data taken with the 
same surrounding temperature as the cooling data. Since this method depends 
on constants obtained from graphs this introduces an error. The exact tem- 
perature may be in error as much as 1°C due to the uncertainty of the junc- 
tion itself for all temperatures below 0°C. Mounting the junctions also in- 
troduces an error as it is impossible to be sure that all the junctions are 
exactly at the surface of the sample. Thus it can be easily seen how, between 
extremes, a maximum experimental error of 4.7 percent based on the mean 
may have crept into the work. 

CO, snow also presented all of the above sources of error, even that due to 
non-uniform temperature down the cylinder, as there was no free circulation 
in the ether slush so that some portions of the tube might have been warmer 
than others thus giving poor gradient data. The average of & for one run 
at this temperature is probably low. The value of k=0.344 for the other 
run appears, by comparison with values of k at other temperatures, to be the 
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-200° -100° 0° 100° 200°C 
Fic2. DEGREES CENTIGRADE 
Fig. 2. Thermal conductivity of beryllium. 


more nearly correct value. In fact this point would fall almost exactly on 
the smooth curve, Fig. 2. In all this work the data from which the calculations 
were made are the averages of twelve different sets of observations. The maxi- 
mum error here is probably not greater than 5.9 percent. 

When ice-water was used as a means of obtaining a surrounding tem- 
perature near 0°C, very much better control resulted so that here the 
maximum error was 2.8 percent. This was obtained because of the good 
circulation maintained by the pump as previously mentioned. Boiling 
water was used in a similar manner and the deviation from the mean was 
3.1 percent. 

A temperature near 200°C was obtained by the use of circulating hot air 
and did not prove to be as satisfactory as water in maintaining a constant 
temperature, due to its low specific heat and density. The radiated heat was 
not carried away fast enough so the surroundings became warmer during the 
run, thus affecting both the gradient data and the cooling data. The value of 
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the thermal conductivity at this temperature may be in error as much as 5 
percent. 
The equation of the graph, Fig. 2, is given by 
k =0.3847 +-0.00075 12 —0.0000004682? — 0.0000000002 775 


where & is the thermal conductivity and ¢ the temperature in Centigrade 
degrees. 

In this work it has been assumed that the temperature has been uniform 
over the cross section of the rod. This is an assumption which is not true 
because moving any one junction toward or away from the axis of the sample 
changed the relative temperature between it and the two adjacent junctions 
which remained fixed, thus showing the cross section was not an equal tem- 
perature surface. At the top close to the heater coil the heat flow lines are 
toward the center so that the equal temperature surface is convex upward, 
while at the lower end just the reverse is true. Forthis reason the temperatures 
recorded are not the exact ones for equal temperature surfaces through the 
given distances from the origin. This source of error would be very much less 
if a rod three or four times as long were used. The writer feels that the speci- 
men he used was entirely too short because in working up the graphs more 
reliance had to be placed on the central junctions than on those at the ends. 
It would seem that these two sources of error are responsible for the large 
experimental errors obtained using the various sets of distances in calculating 
k. 


SPECIFIC RESISTANCE AND TEMPERATURE 
COEFFICIENT OF RESISTANCE 


Apparatus and procedure. The specific resistance of beryllium was found 
by passing a small current of less than an ampere through a rod of beryllium, 
0.792 cm? in area, and a recently calibrated resistance in series. A Wolf po- 
tentiometer was used to measure the potential drop across the standard 
resistance and between two leads inserted 22.5 cm apart in the beryllium rod. 
Another determination was made with a rod of 0.803 cm? in area and 18 cm 
between potential leads. In these experiments the distance between the po- 
tential leads is known to within 0.05 cm as the holes used were small (No. 60 
drill) and No. 22 copper wire was wedged into them with small pieces of the 
same wire. Slotted copper connectors were slipped over the ends of the sam- 
ple and fastened by means of steel rings and set screws and the current leads 
were fasted to these connectors by screws. The contacts thus made were 
sufficiently good to eliminate local heating. Two pairs of thermo-junctions 
were placed in the sample, one to read the temperature near one end and the 
other in the middle. The two pairs of junctions used at any given temperature 
did not always read alike so that the rod was not at a uniform temperature. 
Therefore to obtain the correct potential difference over the rod both direct 
and reverse readings were taken to eliminate any e.m.f. set up by the Be-Cu 
junction formed by the rod and leads. 

For the lower temperatures the rod was immersed in liquid air and CO, 
snow and ether. These were stirred constantly during the time the readings 
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were taken. For the higher temperatures the sample was supported on mica 
inside of a brass cylinder which was surrounded by a well insulated electric 
furnace. 

Each of the two samples was heated to about 700°C and cooled down to 

* nearly room temperature and readings taken every few degrees. This was 
repeated until the results were reproduced within the accuracy of the thermo- 
junctions. 

The coefficient of specific resistance wasdetermined by finding for different 
temperature ranges the third degree equations of the graph obtained by plot- 
ting the specific resistance against temperature. These were differentiated 
with respect to temperature giving equations of the form 


dp/dT =a+bT+cT”. 
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Fig. 3. Specific resistance of beryllium. 


The temperature coefficient of resistance, a, was found by dividing the 
computed values of dp/dT by po, the resistance at 273°K, 
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Results. The results of the specific resistance measurements on sample 1 
are shown graphically in Fig. 3 and are tabulated in Table III. It will be 
seen that the sample yielded considerably to heat treatment. From this curve 
it can be easily seen how a great many values of the specific resistance can be 


TABLE III. Specific resistance of beryllium. 














Sample 1* Sample 2 

Temp. pX 10° Temp. pX 108 
— 189°C 1.50 —191°C 1.56 
—77 3.22 —77 3.33 
+21 6.45 +22 6.76 
108.5 9.75 97 9.83 
223 14.64 212 14.85 
315 18.60 305 19.05 
401 22.45 403 23 .90 
512 27.55 504 29 .00 
607 32.45 604 34.55 
700 39 .00 690 40 .00 








* This was the sample analyzed. 


obtained for any given temperature, depending upon at what stage of its heat 
treatment the observation is made. The rather high value of 17.6 microhms 
at 20°C reported by McLennan and Niven’ may have been due to not carry- 
ing the heat treatment over so wide a range of temperature. Fig. 3 shows that 
the first measurements taken at room temperature (22.5°C) gave a value of 
23.0 microhms. The measurements for the specific resistance on this sample 
were first continued only to 455°C when the junction oxidized and broke. 
When the run was continued and another measurement made at room tem- 
perature (22.5°C) pwasfound to have a value of 21.5 microhms indicating that 
some change had taken place. As the temperature was increased in steps of 
about fifty degrees and held constant for some time, a decrease in the value of 
p resulted. However, between 545°C and 562°C p decreased from 47.3 
microhms to 36.0 microhms indicating a decided change had taken place at 
about this temperature. The specific resistance continued to increase with a 
rise in temperature at about the same rate as it did before the sudden decrease 
in p. Another decrease was observed at about 670°C. Most of the change had 
taken place by this time as measurements made later when the temperature 
was both increasing and decreasing from room temperature to 700°C checked 
each other within the limits of accuracy of the junctions used to read the 
temperature. 

A second sample was then measured after it had first been given a heat 
treatment. The temperature was slowly increased over a period of 24 hours 
to about 700°C and held there for 12 hours and then cooled slowly to room 
temperature. This process was repeated to insure a steady condition of the 
sample as only the specific resistance in such a state was desired. The results 
for this sample are shown in Table III from which it can be seen that the 
specific resistance of sample 2 checked well with that of sample 1, The final 


7 McLennan and Niven, Phil. Mag 4 (1927). 
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value of p at 25°C for sample 1 was 6.5 microhms and for sample 2 was 6.7 
microhms. 

Since the specific resistance of the two samples checked so well, the tem- 
perature coefficient of resistance was determined only for sample 2 and the 


TABLE IV. Temperature coefficient of resistance. 
po =5.88 X 10-2 























Temp. a* Temp. a Temp. a 

— 190°C 0.000371 + 100°C 0.00722 +450°C 0.00844 
— 160 0.00169 140 0.00737 480 0.00864 
— 130 0.00287 180 0.00752 520 0.00899 
— 100 0.00391 220 0.00769 550 0.00938 
—70 0.00481 250 0.00781 580 0.00983 
—40 0.00556 280 0.00791 610 0.01035 
—10 0.00619 310 0.00800 640 0.01094 
+20 0.00667 360 0.00808 670 0.01160 
50 0.00701 380 0.00817 685 0.01196 

75 0.00712 410 0.00825 








* These values of a were obtained from six different equations, successive ones of which 
overlapped each other in temperature range. 


values obtained are shown in Table IV and Fig. 4. The graph of the tempera- 
ture coefficient appears to have three distinct parts, one from —190°C to 
about — 50°C where the temperature coefficient rises rapidly from 4 X 10~ to 
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Fig. 4. Temperature coefficient of resistance of beryllium. 


56X10, the second from about 50°C to about 400°C where the increase is 
nearly linear and with a smaller slope rising from about 72 X 10~ to 82 x 10-+, 
and the third in the range of about 500°C to 700°C where the coefficient rises 
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more rapidly again from 88 X 10~ to 120 X10-*. These results quite strongly 
indicate that within thetemperature range — 190°C to 700°C thesample passes 
through two allotropic transformations. Additional evidence of such a trans- 
formation at the lower temperature is seen in the thermoelectric power graph, 
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Fig. 5. Thermo-electric power (microvolts per degree) of beryllium. 


Fig. 5, which has a break between — 50°C and 20°C. The thermoelectric pow- 
er was not measured at a sufficiently high temperature to determine whether 
another break occurs at about 450°C. 


THERMOELECTRIC POWER 


Apparatus and procedure. The thermoelectric power of beryllium was 
obtained by first determining the electromotive force given by a beryllium- 
advance thermo-junction. The equation of the graph obtained by plotting 
the electromotive force against the temperature was differentiated giving an 
equation of the form 


dE/di=a+bt+ ct? 


which is by definition the thermoelectric power.. Experimentally this was 
difficult, as the rod of beryllium previously mentioned had to be substituted 
for a wire. In order to accomplish this two small holes (No. 60 drill) were 
made in the same transverse plane and close together near each end. A Pyrex 
cup 4 cm in diameter and 10 cm long, drawn down at one end to fit the rod, 
was slipped over it a distance of one third its length and a tight joint made 
with rubber tubing. A copper-advance junction was fastened into one of the 
holes at either end for reading the temperature, while in the other two were 
fastened advance wires by wedging in pieces of the same wire. The lower end 
with its wires was immersed in cracked ice while in the cup were placed, in 
turn, liquid air, CO, snow and ether, boiling water, and boiling nitro-benzol. 
The latter two liquids were heated by an electric heating coil. Also a small 
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heating coil was wound around the sample itself while using the cold liquids, 
to prevent the lower end from becoming colder than 0°C. The liquids in the 
cup and the ice were stirred constantly during the time the readings were 
taken. 

The thermoelectric power of beryllium against advance wire was then 
plotted. Beryllium is positive to advance. On the same graph the thermo- 
electric power of copper against advance was plotted. This was taken from 
the Bureau of Standards’ calibration of a Cu-Ad junction. Copper is positive 
to advance and higher than beryllium. The differences in the thermoelectric 
power were read from this graph, Fig. 5. Thus the thermoelectric power of 
Be with respect to Cu was obtained. 

From the Smithsonian tables the thermoelectric power of copper with 
respect to lead is given by 


dE/dt=1.34+0.094¢ . 


However, here lead was wanted against copper, so all the signs were reversed. 
Since the thermoelectric power of lead and beryllium are both against copper, 
the thermoelectric power of beryllium against lead is obtained by subtraction. 

Results. The final result of the thermoelectric power of beryllium referred 
tolead appears tobe represented by two straight linesnot quiteparallel to each 
other and broken by an offset between — 50°C and 20°C, Fig. 5, which indi- 
cates a change has taken place in the beryllium in this range, an indica- 
tion that is in agreement with the results shown in Fig. 4. At the higher 
temperatures 100°C to 200°C the values do not follow the straight line. Also 
from — 100°C down the experimental values do not follow the straight line. 
This may possibly be explained if the fact that a rod of beryllium was used 
instead of a wire is taken into account. It is a very hard matter experimen- 
tally to maintain a temperature gradient of nearly 200°C down a rod 0.792 
cm? in area in a length of 17 cm. It may however be definitely stated that Be 
and Cu have values of thermoelectric power very close to each other. 


WIEDEMANN-FRANTZ-LORENTZ-LAW 


Since the specific resistance and thermal conductivity of beryllium have 
been determined, it seemed advisable to calculate the Wiedemann-Frantz- 
Lorentz relation which when put in a simplified form is 


k/oT =K=24.7X10' . 


when & is expressed in ergs and g ine.m.u. This does not hold for beryllium 
as is seen in Table V. In order for the law to hold for this metal the values of 
k would have to decrease instead of increase with a rise in temperature. 
Assuming @ to be correct the value of k should be 0.22 at 0°C and at 180°C k 
should equal 0.20. 

Aluminum also shows a rise in thermal conductivity with a rise in tem- 
perature. The Wiedemann-Frantz-Lorentz Constant for aluminum is 13.2 X 
107 at — 189°C and 19.3 X10’ at 0°C and only 22.2 X10’ at 200°C. The value 
at 200°C is 1.68 times the value at — 189°C whereas for beryllium the value 
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at 180°C is 3.6 times the value at —170°C. Thus according to the data taken 
on these samples this law does not hold for beryllium. 


TABLE V. Values of thermal and electrical conductivities of beryllium. 

















Temperature k o k/oT 
— 170°C 0.251 5.88 x 10-4 17.4X10' 
— 150 0.268 5.23 17.4 
— 130 0.284 4.52 18.4 
—110 0.300 3.84 20.0 

—90 0.316 3.29 22.0 
—70 0.332 2.82 24.2 
—50 0.348 2.42 27 .0— 
—30 0.363 2.08 30.1-— 
—10 0.378 1.82 33.2 
0 0.386 1.70 35.0 
20 0.400 1.51-— 38.1 
40 0.414 1.34— 41.4 
60 0.428 1.21— 44.7 
80 0.441 1.10— 47.7 
100 0.454 1.00 ee 
120 0.468 0.925 54.2 
140 0.479 0.855 56.8 
160 0.492 0.796 59.8 
180 0.503 0.745 62.5 








The writer wishes to express his thanks to Professor Bidwell for suggest- 
ing this problem, to Professors Collins and Gibbs for their helpful suggestions 
in carrying through the investigation, and to Professor Papish who made a 
spectrum analysis of the beryllium rod. 
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ABSTRACT 


A method of measuring the resistance-temperature coefficients of low melting 
point metals in the solid and liquid states is described. Previous difficulties in the 
way of making such measurements have been largely eliminated by employing oxide 
films as containers for the molten metals. The resistivity-temperature curves are 
shown for the metals (Pb, Sn, Zn, Bi), and the resistance-temperature coefficients 
are given for 20° intervals throughout the range 20° to 460°C. The temperature 
coefficients of resistance of zinc above the melting point are found to be positive instead 
of negative as reported by Northrup and Suydam. Variations in the resistivity 
values indicate that there are allotropic transformations in zinc slightly above 180°C 
and at about 340°C. The coefficients of the metals investigated are all positive except 
those for nonannealed bismuth in the regions 160°to 180°C and 225° to 275°C and those 
for annealed bismuth in the latter region. The high resistivity values of nonannealed 
bismuth below 160°C are attributed to three possible factors, (a) lack of random 
orientation of the crystals, (b) cracks and imperfections in the crystal lattice, and (c) 
amorphous solid bismuth which may be formed between cleavage faces and in reentrant 
angles. The origin of these factors is accounted for by a crystalline transformation, 
in the region 160° to 180°C, which gives rise to them only when the metal is cooled 
rapidly. When nonannealed bismuth passes through this region from the lower to the 
higher temperature the negative coefficients are then to be expected. In the range 
225° to 275°C the negative coefficients of bismuth are due to a molecular derangement 
of the metal as it approaches the melting point and passes from the solid to the 
liquid state. 


N A previous paper “Liquid Wires and their Surface Films”! the authors 
reported a study of the functions of oxide films in supporting molten 
wires of lead, tin, zinc and bismuth. Reference was made to a method of 
measuring the resistance-temperature coefficients of low melting point met- 
als in the solid and liquid states. The object of the present article is to de- 
scribe this method and to give the electrical resistivity and temperature co- 
efficients of lead, tin, zinc and bismuth in the temperature range 20°C to460°C. 
EXPERIMENTAL PROCEDURE 

The lead, tin, zinc and bismuth wires were mounted and heated in a ni- 
trogen container. The container was a brass cylinder, 18 cm in length and 9 
cm in diameter, with one end removable. The method of support of the wires 
in the container is given in Fig. 1. Brass blocks, B B’, each of 2 cc volume, 
were mounted firmly, 5.25 cm apart, with their upper faces flush with P, the 
horizontal porcelain plane of support for the wires. Holes, s s’, 0.9 mm in 


1 Pietenpol and Miley, Phys. Rev. [2] 30, 697-704 (1927). 
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diameter were drilled in the upper part of the blocks near the inner edge and 
coated on the inside with Wood’s metal so that good contact was made with 
the clean ends of the wires. (The melting point of the Wood's metal could 
not be detected in any of the readings.) The holes extended 5 mm into the 
blocks, and for the lead, tin, and zinc wires they were inclined at a 30° de- 
pression angle to the horizontal. They were horizontal for the bismuth wire 
which would not permit bending. There were four copper wires, No. 8 A.w.g., 
leading through the center of tubes, in the removable end of the container. 
The tubes were filled with asbestos cement of high insulating quality. Two 
of these copper wires were brazed to each of the brass blocks; one pair of 
them, 1-2 in Fig. 1, was used to conduct a small current through the wire W 
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Fig. 1. Diagram showing method of support of wires. 


under investigation, and the other pair, 3-4, served in the measurement of 
the potential drop. The entire support for the lead, tin, zinc and bismuth 
wires could be removed from the container for changing the wires. 

After a wire was suspended between the brass blocks, it was heated by 
sending an electric current through it while in air in order to strengthen the 
oxide film. The vessel containing the suspended wire was then filled with 
nitrogen and placed in an electric furnace. The inlet and outlet tubes for 
nitrogen were closed with porous asbestos plugs which permitted the gas to 
remain constantly at atmospheric pressure. The temperature of the furnace 
was measured by a nickel-chromium thermocouple, which was inserted into 
the container through an asbestos filled tube, so that it registered the tem- 
perature in the vicinity of the wire being investigated. 
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The thermal e.m.f. and the potential drop across the suspended wire were 
measured by means of potentiometers. A single potentiometer was used to 
control the current through the heated wire and to measure the potential drop 
across the wire in order to make the manipulation more convenient. The cur- 
rent was 1/100 of the magnitude of the e.m.f. of the standard cell since the 
standard resistance used was 100 ohms. The current through the heated wire 
was 10.19 milliamperes and was kept constant to within 1/100 of a milliam- 
pere. The resistance with the current in both directions was determined in 
order to eliminate thermal e.m.f. which were found to be very small. 


MATERIALS 


The lead and tin wires were 14.764 cm in length and 0.75 mm in diameter. 
The dimensions of the zinc wire were 14.923 cm in length and 0.75 mm in 
diameter. The nonannealed bismuth wire was 5.239 cm in length and 0.74 mm 
in diameter, and the annealed bismuth wire was 5.412 cm in length and 0.81 
mm in diameter. The wires used were obtained from Baker and Company, 
Inc., and their chemical analyses were as follows: 

C. P. Lead—Gold, arsenic, antimony, copper = minute traces; no bismuth. 
C. P. Tin — Lead = 0.007% _iron=0.002% 

copper = 0.003 arsenic and sulphur, 

tin =99 .988 traces each. 
C. P. Zinc —Iron = 0.005%  cadmium=0.0018% 

lead =0.0004 arsenic and sulphur, 


zinc =99.993 traces each. 
C. P. Bismuth—Better than 99.9% bismuth. 


RELIABILITY OF THE METHOD 


To one unfamiliar with the ability of an oxide coat to retain the shape of a 
molten metal, the reliability of the method may seem open to question. Care- 
ful experiments were made in passing from the liquid to the solid and back to 
the liquid state, which convinced the authors that the oxide film was depend- 
able as a container. For example, the resistivity of liquid bismuth at the 
melting point was found to be 124.070 microhm-cm. It was then solidified and 
brought back to the melting point when its resistivity was 124.192 microhm- 
cm. In the case of tin, readings were taken on increasing and decreasing 
temperatures for two samples of different lengths cut from the same wire. 
Both samples were twice taken from room temperature to the melting point 
and back. The resistivities of the first sample as measured in the liquid state 
- at the melting point were 47.22 and 47.25 microhm-cm. For the second sam- 
ple the values were 47.25 and 47.20 microhm-cm. These values check to ap- 
proximately 0.1 percent which is well within the experimental error. 

Fig. 2 shows curves for tin on increasing and decreasing temperatures in 
the neighborhood of the melting point. The curve AB is for increasing tem- 
perature after the wire had been previously liquefied and slowly cooled to 
room temperature. The rounding of the curve preceding the melting point 
would indicate a gradual change in structure which has not been emphasized 
by previous experimenters. That this is not due to possible impurities in the 
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metal seems evident from the fact that the point B at which the slope of the 
curve suddenly changes, checks, within the degree of accuracy of the experi- 
ments, exactly the melting point of tin, 231.9°C. This was true in the case of 
tin for all four of the determinations mentioned above, and in the case of all 
other metals the agreement was very close. 

With decreasing temperature, the curve of Fig. 2 falls slightly from B to C 
indicating a supercooling of the metal. The point C was carefully determined 
and found in this case to be slightly above 223°C. In several determinations 
made on tin the average value for the supercooling was 9°C. A similar super- 
cooling was found for bismuth, but no tests were made for lead and zinc. With 
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Fig. 2. Resistivity-temperature curves for tin in melting point region. 


decrease in temperature below the point C, the curve falls rapidly but not sud- 
denly to meet the curve AB. This “setting” of a metal is a phenomenon of 
common observation though its effect upon resistivity has hitherto apparently 
not been mentioned. As yet no careful observations have been made upon 
this lag in change of resistivity with different rates of cooling. The readings 
plotted in Fig. 2 were made with the furnace cooling at the rate of approxi- 
mately six degrees per hour. 

In order to use an oxide film as a container in measuring resistivities of 
metals through the solid and liquid states, it is necessary that a good film be 
formed and that the temperature be changed very slowly in passing from one 
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state to the other. In the liquid state the metal must not be disturbed, and 
because of the supercooling referred to above the method is better adapted to 
readings made with increasing than with decreasing temperatures. Further, 
with decreasing temperatures a non-oxidizing gas must be constantly forced 
into the furnace with danger of disturbing the temperature equilibrium. The 
data which follow have in all cases been taken with increasing temperatures. 


CORRECTIONS 


Corrections were made in the resistivities of the metals for the expansions 
of the metals as the temperature was increased. Below the melting points the 
radial and longitudinal expansions of the wires are the same per unit of length. 
From a consideration of the volume coefficients of expansion of the metals it 
is found that for each 20°C interval the resistivities obtained below the melting 
points should be increased by the following amounts: lead, 0.058%; tin, 
0.054%; zinc, 0.060%; and bismuth, 0.027%. 

The dimensions of the brass blocks and that of the porcelain supporting 
plane were such, between the points of contact, as to neutralize one another’s 
effects on the length of the bismuth wires as the temperature was increased. 
This factor was not considered in the case of the other three wires since they 
were bent in the shape of an S and were not affected by such a factor. Be- 
cause of the close checks on resistivities indicated in the previous section it 
seems logical to assume that the oxide film acts as an elastic membrane. Thus 
when the volume changes in passing through the melting point and above the 
melting point, corrections are made assuming that the films are isotropic and 
therefore that the radial expansion is twice the longitudinal expansion per 
unit of length. For an elastic membrane this is apparent from a consider- 
ation of Fig. 3. If a membrane in the form of a right circular cylinder of 
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radius r and length ZL is under a tension due to an internal pressure, p, in 
the liquid which it contains, the force on the section abcd, when in equilib- 
rium, is 27Lp=2T,L from which the tension, 7), in the film per unit length, 
tangent to the circumference of the circular cylinder, is Ti=rp. Also the 
force on the circular section, efgh, is xr?p=2xrT2 from which the tension, 7», 
in the film per unit length, in the longitudinal direction, is T2=rp/2. Thus 
since the change in 7; is twice as great as that in T: for a given increment in 
p it follows as stated above that the radial and longitudinal strains are in 
the same ratio. 

Considering the expansion of lead? 0.0348 cc per cc, the expansion of tin? 
0.0310 cc per cc, the contraction of bismuth? 0.0330 cc per cc, and the ex- 


* G. Vicentini and D. Omodei, Atti. Acad. Torino 23, 38 (1888). 
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pansion of zinc*® 0.0692 cc per cc, the following corrections were made in the 
resistivities above the melting points due to the change in volumes in pass- 
ing through the melting points: lead, an increase of 2.075%; tin, an increase 
of 1.852%; bismuth, a decrease of 1.925%; and zinc, an increase of 4.129%. 
Taking for each 20°C interval the expansion of molten lead? 0.00232 cc per 
cc, the expansion of molten tin* 0.00197 cc per cc, the expansion of molten 
bismuth® 0.00240 cc per cc, and the expansion of molten zinc* 0.00176 cc per 
cc, the following corrections were made for each 20°C interval above the melt- 
ing points due to the change in volume in passing through the interval: lead, 
0.139% increase; tin, 0.118%; bismuth 0.114%; and zinc, 0.106%. 

The electrical resistivity of the oxides of these metals as given by Fried- 
rich’, Sommerville® and Horton® is more than 10° times the resistivity of the 
metals. Thus the resistivity correction for the metallic oxide film is negligible 
in every case. The thickness of the oxide film is such that it falls within the 
limits of the experimental error in the measurement of the diameter of the 
wire. These are distinct advantages of the oxide film method of measuring 
the resistivity of low melting point metals in the liquid state. 


DEFINITION OF RESISTANCE-TEMPERATURE COEFFICIENT 


Various definitions are in use for the resistance-temperature coefficients 
of metals. The formula which has been much used for expressing the rela- 
tion between resistance and temperature is: 


R=R,(1+4,(t—1)) (1) 


in which R, is the resistance at the reference temperature ¢,, R is 
the resistance at any temperature /, and a, is the temperature coefficient 
of resistance for the reference temperature ¢,. The value of a; at the temper- 
ature ¢; depends upon R,, and when the slope of the resistivity-temperature 
curve is not constant it is also dependent upon the temperature interval ¢—f,. 

The most exact definition of the “temperature coefficient at ¢;”, au, is 
given by the equation: 


a1, =(dR/Rdt),,. (2) 


This equation applies to any variation of resistivity with temperature. 
The temperature coefficients of resistance given in the present work are 
defined by the equation: 


2(Re— Rj) 
(R2+R;)(t2—ts) 


3M. Toepler, Wied. Ann. 53, 343 (1894). 

* A. L. Day, R. B. Sosman, and J. C. Hostetter, Amer. Journ. Sci. [4] 37, 1 (1914). 
’ E. F. Northrup, Trans. Amer. Electrochem. Soc. 25, 338 (1914). 

* P. Pascal and J. Jouniaux, Comptes Rendus 158, 414 (1914). 

7 E. Friedrich, Zeits. f. Physik 31, 813 (1925). 

* A. A. Sommerville, Met. Chem. Eng. 10, 422 (1912). 

* F. Horton, Phil. Mag. [6] 11, 505 (1906). 

%” L. Holborn, Ann. d. Physik 59, 146 (1919). 


(3) 
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in which Rz and R; are the resistivities respectively at ¢2 and at ¢;, and a4,t, 
is the temperature coefficient of resistance for the temperature interval ¢; to 
tz. This is considered to be a satisfactory approximation of Eq. (2), for 20° 
intervals in the present work. 


DISCUSSION OF THE RESULTS 


The curves of Fig. 4 are reduced copies of the originals which were drawn 
on mm cross-section paper, 50X70 cm. This made it possible to read the 
resistivities to the fourth decimal place and the temperatures to the second 
decimal place. The resistivity-temperature relations were plotted and from 
the resulting curves the resistivities were read at the temperatures given in 
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Fig. 4. Resistivity-temperature curves for lead, tin, zinc and bismuth. 


the Tables I-IV inclusive. From these resistivity values the temperature co- 
efficients of resistance were calculated for the temperature intervals given 
in the tables by using Eq. (3). The measurements made on the metals repre- 
sented in Fig. 4 were extended to above 600°C in most cases, but there was 
usually a noticeable deviation from a straight line beginning near 500°C. The 
upper temperature limit was arbitrarily taken as 460°C for each metal in the 
present work, and this is well within the dependable temperature range for 
these oxide containers. 

The temperature coefficients of resistance possess a higher degree of ac- 
curacy than the resistivity values, for they are affected less by any experi- 
mental error that might be made in taking the volume measurements of the 
wires. However, since the wire-lengths were well marked, and the dimensions 
of the wires were carefully measured, there was little chance for the introduc- 
tion of an error of appreciable magnitude. The resistance measurements were 
accurate to within 0.001 percent and the precision of reading the tempera- 
ture was 0.01°C. The time interval during which the readings for the curves 
were taken varied from six to nine hours. Several series of readings were made 
upon different samples of a single metal which showed that the curves were 
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reproducible to within a fraction of a percent, except for bismuth in the solid 
state where the variation was somewhat greater. The curves and tables are 
commented on separately for the different metals. 

Lead. The curve for lead is slightly convex in the direction of the tem- 
perature axis for the solid state, and is a straight line for the liquid state. 
Table I shows a very good agreement in general with the values of resistivity 


TABLE I. Resistance-temperature coefficients and resistivity of lead, 














Resistivity Other observers 
Temp. Range a Temp. microhm-cms Resistivity Authority 

20°— 40°C 0.00336 20°C 20 .648 22 (1) 

20.4 at 0° (2) 
40°— 60° .00341 40° 22 .084 
60°— 80° .00335 60° 23.645 
80°—100° .00332 80° 25.285 

27.97 at 90.35° (2) 

100°—120° .00311 100° 27.021 27.8 (3) 
120°-140° .00302 120° 28.787 
140°-160° .00299 140° 30.582 

32.79 at 142.7° (2) 
160°—-180° .00293 160° 32.468 
180°—200° .00291 180° 34.413 

36.90 at 196.1° (2) 

200°—220° .00275 200° 36.478 38.0 (3) 
220°-240° .00273 220° 38.542 
240°—260° .00251 240° 40 .697 
260°—280° .00246 260° 42.791 
280°-300° .00322 280° 44.946 
300°-320° .00665 300° 47 .938 

320°-330° .0554 320° 54.761 50.00 at 319° (3) 

330°-340° .00116 330° 96.735 95.00 at 333° (3) 
340°-360° .000576 340° 97 .867 
360°-380° .000570 360° 99 .000 
380°-400° .000577 380° 100.255 

400°-420° .000561 400° 101.418 98 .30 (3) 
420°-440° .000559 420° 102 .563 

440°-460° .000558 440° 103 .716 100.55 at 450° (3) 
460° 104.878 








(1) Bureau of Standards, Cir. No. 74, 317 (1918). 

(2) J. Dewar and J. A. Fleming, Phil. Mag. 36, 271 (1893). 

(3) E. F. Northrup and V. A. Suydam, Journ. Frank. Inst. 175, 153 (1913). 
as given by other experimenters at certain temperatures. The variation in 
the resistivity values of lead in the solid state is very regular and there is no 
indication of an allotropic transformation in the metal. 

In order to compare the resistivity-temperature coefficients of lead with 
those previously given, the value 19.215 microhm-cm was obtained for the 
resistivity of lead at 0°C by extrapolation. Substituting these values for 
R, and ¢, and the values 27.021 microhm-cm and 100°C for Rand ¢ respec- 
tively in Eq. (1), the value ao .100 = 0.00406 was obtained for lead. The values 
of ao.100 for several observers as given by Holborn,!° vary from 0.00406 
to 0.00422. 

Tin. The curve for tin is a straight line for the liquid state but deviates 
from it slightly in the solid state. Table II shows that the value of the re- 
sistivity at 20°C is between Dewar and Fleming’s value and that given by 
the Bureau of Standards. Dewar and Fleming's values are higher than the 
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TABLE II. Resistance-temperature coefficients and resistivity of tin. 











Resistivity Other observers 
Temp. Range a Temp. microhm-cms Resistivity Authority 
20°— 40°C 0.00365 20°C 12.853 11.50 (1) 
40°— 60° .00355 40° 13.828 14.14 at 18.75° (2) 
60°— 80° -00325 60° 14.845 
80°-100° .00309 80° 15.843 18.30 at 91.45° (2) 
100°—120° .00293 100° 16.842 
120°-140° .00278 120° 17.860 
140°-160° .00273 140° 18.880 
160°-180° .00328 160° 19.940 23.63 at 176° (2) 
180°-200° .00395 180° 21.296 
200°-220° .0178 200° 23 .046 20.30 (3) 
220°-232° .0336 220° 31.822 
232°-240° .000787 232° 47 .250 47.60 at 235° (3) 
240°-260° .000783 240° 47.580 
260°-280° .000831 260° 48.331 
280°-300° .000827 280° 49.142 
300°-320° .000815 300° 49.961 49.44 (3) 
320°—340° .000804 320° 50.782 
340°-360° .000795 340° 51.506 50.76 at 350° (3) 
360°-380° .000780 360° 52.331 
380°—400° .000771 380° 53.154 
400°—420° .000760 400° 53 .980 52.00 (3) 
420°-440° .000748 420° 54.807 
440°-460° .000736 440° 55 .633 53.30 at 450° (3) 
460° 56.458 








(1) Bureau of Standards, Cir. No. 74, 317 (1918). 
(2) J. Dewar and J. A. Fleming, Phil. Mag. 36, 271 (1893). 
(3) E. F. Northrup and V. A. Suydam, J. Franklin Inst. 175, 153 (1913). 


present values and in most cases Northrup and Suydam’s are a little less. 
The variations in the resistivity values of tin are not interpreted as indi- 
cating any allotropic transformations in tin between 20° and 220°C. The 
value 40.100 = 0.00418 was obtained from Eq. (1) by considering the resistivity 
of tin at 0°C to be 11.878 microhm-cm. Some values that have been given’? 
range from 0.0044 to 0.0047. 

Zinc. The resistivity-temperature curve for zinc is probably a straight 
line for the liquid state. The agreement of the resistivities below the melting 
point with those of other experimenters is good. The value at 415°C is higher 
than Northrup and Suydam’s value at the same temperature, due to the fact 
that their curve obtained with falling temperature breaks more sharply in 
this region. At 427°C which is just beyond the melting point their resistivity 
value, 37.30 microhm-cm agrees well with the value 37.142 microhm-cm, ob- 
tained in the present work. Beyond this point their resistivity values decrease 
for higher temperatures which is just opposite to the results obtained by the 
writers, as shown in Table III. As Northrup has stated," the negative co- 
efficients of zinc in the molten state have formed a stumbling block in all pro- 
posed theories of metallic conduction, and we believe from the present inves- 
tigation that this difficulty has been removed. 

The temperature coefficients of resistance of zinc in the solid state reach a 
minimum value between 160° and 180°C and between 320° and 340°C. From 


1 E. F. Northrup, Journ. Frank. Inst. 179, 640 (1915). 
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TABLE III. Resistance-temperature coefficients and resistivity of zinc. 














Resistivity Other observers 
Temp. Range a Temp. microhm-cms Resistivity Authority 
20°— 40°C 0.00385 20°C 5.921 5.8 (1) 
40°— 60° .00355 40° 6.395 6.2 at 18.8° (2) 
60°— 80° .00333 60° 6.868 . 
80°-100° .00312 80° 7.343 7.91 at 92.45° = (2) 
100°—120° .00294 100° 7.816 7.95 (3) 
120°-140° .00277 120° 8.289 
140°—160° .00247 140° 8.763 
160°—180° .00221 160° 9.207 
180°—200° .00255 180° 9.622 10.37 at 191.5° (2) 
200°-220° .00270 200° 10.125 
220°-240° .00283 220° 10.687 
240°-260° .00268 240° - 11.309 
260°—280° .00242 260° 11.931 
280°—300° -00204 280° 12.523 
300°-320° .00191 300° 13.045 13.25 (3) 
320°-340° -00183 320° 13.559 
340°-360° .00206 340° 14.062 
360°-380° .00253 360° 14.655 
380°—400° .00458 380° 15.417 
400°-410° .00500 400° 16.897 
410°-415° .00533 410° 17 .763 
415°-423° .0845 415° 18.243 17 .00 (3) 
423°-440° .000625 423° 36.955 37.30 at 427° (3) 
440°-460° .000576 440° 37 .349 37.20 (4) 
460° 37 .783 37 .08 at 450° (3) 











(1) Bureau of Standards, Cir. No. 74, 317 (1918). 

(2) J. Dewar and J. A. Fleming, Phil. Mag. 36, 271 (1893). 

(3) E. F. Northrup and V. A. Suydam, J. Franklin Inst. 175, 153 (1913). 
(4) L. de la Rive, Comptes Rendus 57, 698 (1863). 


this it may be inferred that there are allotropic transformations in zinc near 
these regions of minima. By plotting the resistivity values of zinc given in 
Table III from 20° to 400°C on mm cross-section paper, 6080 cm, the 
breaks in the curve become pronounced between 180° and 200°C and between 
320° and 360°C. The change is so gradual that no point can be designated 
with certainty as the point of transition. The data of different resistivity 
curves show that the greatest changes probably occur at slightly above 180°C 
and at about 340°C. 

The irregularities in the variation of certain properties of zinc with the 
temperature have led a number of investigators to suspect one or more al- 
lotropic transformations of zinc. Le Chatelier found a transition point in 
zinc between 340° and 350°C from electrical resistance measurements; and 
Benedicks® found two slight breaks in the temperature-resistance curve (a) 
between 160° and 170°C, and (b) between 320° and 330°C. Monckmeyer™ 
and Werner" confirmed Le Chatelier’s point which has been identified with 
Benedick’s second point. Miss Bingham’s work" on the electrical resistance 
of zinc shows a critical point between 200° and 210°C, and between 330° and 


2H. le Chatelier, Comptes Rend. 3, 414, 454 (1890). 

%3 C. Benedicks, Arkiv. Matem. Astron. Fysik 6, 24 (1910). 
14K. Monckmeyer, Zeits. f. anorg. Chem. 43, 182 (1905). 
15 M. Werner, Zeits. f. anorg. Chem. 83, 275 (1913). 

16K. E. Bingham, Journ. Inst. Metals 24, 333 (1920). 
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340°C. From her measurements on electrical conductivity, electrolytic po- 
tential, density, hardness, and mechanical properties of the metal it is sug- 
gested that zinc has three allotropic modifications and that the transition 
temperatures are about 180°C and 310°C. Pierce, Anderson and Van Dyck” 
conclude, from x-ray diffraction patterns, that within the limits of experi- 
mental error, there aré no allotropic transformations in zinc in the tempera- 
ture range 20° to 400°C. The e.m.f. temperature curves of Stockdale, ob- 
tained by using electrodes of pure zinc in a special electrolyte, indicate that 
zinc undergoes a transformation at about 315°C. From a consideration of 
the existing experimental evidence it seems safe to conclude that there are 
two allotropic transformations in zinc (a) between 170° and 200°C, and (b) 
between 310° and 350°C. 

The value 5.446 microhm-cm was obtained for the resistivity of zinc at 
0°C by extrapolation, and by substituting in Eq. (1) as was done for lead, 
the value @o.100 = 0.00435 was obtained for the coefficient of zinc. Holborn'® 
gives the values of several observers for do.190for zinc which vary from0.00402 
to 0.00417. 

Bismuth I. The wire used in obtaining the curve for bismuth I Fig. 4 
was well annealed and a microscopic study of the cross-section showed that 
all crystal orientations* were present. The general outline of this curve a- 
grees well with the one given by Northrup and Suydam with falling tempera- 
ture and possibly a random crystal orientation. It also agrees well in form 
with the ones given by Kapitza!® with falling temperature and with the re- 
sistivity measurements made perpendicular or parallel to the cleavage planes. 
The greatest difference is that their curves break more suddenly at the melt- 
ing point and have a higher and sharper peak for the solid state near the melt- 
ing point. Kapitza mentions that some of his curves showed flatter peaks 
than the ones that he gave. The agreement is very good between the resis- 
tivity values given in Table IV and those that have been given by previous 
experimenters with the exception of the peak values referred to above. 

By taking 110.313 microhm-cm for the resistivity of bismuth I at 0°C 
and substituting in Eq. (1) the value do.100 = 0.00401 was obtained. The values 
of some other observers!’ vary from 0.00438 to 0.00458. By taking 112.0 
microhm-cm as Northrup and Suydam’s value of the resistivity of bismuth 
at 0°C the value do.100= 0.00397 was found. Thus it appears that there is 
considerable variance in the values of do.100 given by the work of different 
investigators. The agreement between the value of d@o.100 given by Northrup 
and Suydam’s work and the one obtained in the present work is well within 
the limits of the accuracy of the extrapolation. 

Bismuth II. The curve for bismuth II in Fig. 4 is representative of those 
that have been obtained in this laboratory with samples of nonannealed bis- 


17 W. M. Pierce, E. A. Anderson and P. Van Dyck, Journ. Frank. Inst. 200, 349 (1925). 

18 D. Stockdale, Journ. Chem. Soc. 127, 2951 (1925). 

19 P. Kapitza, Proc. Roy. Soc. A119, 358 (1928). 

* The angle between the trigonal axis of the crystal and the length of the wire is defined 
as the orientation. 
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TABLE IV. Resistance-temperature coefficients and resistivity of bismuth. 














Resistivity Other observers 
Temp. Range a Temp. microhm-cms Resistivity Authority 
20°- 40°C 0.00311 20°C 119.323 120.00 (1) 
40°— 60° .00320 40° 126.979 120.00 at 17.5° (2) 
60°— 80° .00337 60° 135 .382 119.00 at 18° (3) 
80°—100° .00328 80° 144.719 
100°—120° .00293 100° 154.523 156.50 (2) 
120°-140° .00277 120° 163 .859 160.20 at 100° (3) 
140°-160° .00321 140° 173.196 181.65 at 150° (2) 
160°—180° .00299 160° 184 .866 
180°—200° .00246 180° 196.257 
200°—220° .00164 200° 206.154 214.50 (2) 
220°—230° .000434 220° 212.877 
230°-240° — .000972 230° 213.800 
240°-260° — .01019 240° 211.943 
260°—278° — .01806 260° 172.729 
278°-300° .000322 278° 124.430 
300°-320° -000384 300° 125.316 128.90 (2) 
320°-340° .000405 320° 126.282 
340°-360° .000417 340° 127.310 131.55 at 350° (2) 
360°-380° -000431 360° 128 .376 
380°-400° .000467 380° 129 .486 
400°-420° .000491 400° 130.711 134.20 (2) 
420°-440° .000570 420° 132.000 
440°-460° .000637 440° 133.513 137 .00 at 450° (2) 
460° 135.224 











(1) Bureau of Standards, Cir. No. 74, 317 (1918). 

(2) E. F. Northrup and V. A. Suydam, J. Franklin Inst. 175, 153 (1913). 

(3) W. Jaeger and H. Diesselhorst, Wiss. Abh. d. Phys. Techn. Reichsanstalt 3, 269 (1900). 
muth. The bismuth II wires were very brittle and would not permit bending 
while the bismuth I wires were flexible enough to be wound into a spiral. The 
variation of the resistivity values of the two types of wires was less than one 
percent in the liquid state. The bismuth referred to by the authors®’ in a pre- 
vious report was of the type of bismuth II. A study of the discrepancies be- 
tween the values obtained for the resistivity of bismuth II in the solid state 
and the values given by other experimenters led to curves of the type of bis- 
muth I which, as already stated, agree well with those given by previous in- 
vestigators. The wire used for obtaining the curve for bismuth II was drawn 
by Baker and Company, Inc., and nonannealed wires that were drawn in 
this laboratory showed similar electrical properties. A microscopic study of 
the cross-section of bismuth II showed that the crystal orientation was about 
0° in the center of the wire and became more and more random towards the 
circumference of the cross-section. From this one would expect bismuth II 
to have a higher resistivity than bismuth I in the solid state. It is well known 
that the resistivity of bismuth is greater along the trigonal axis than across it. 

The explanation of the variation of the resistivity of bismuth, when meas- 
ured in different directions, as due to fissures or cracks between cleavage 
planes perpendicular to the trigonal axis has come to be pretty generally ac- 
cepted. Borelius and Lindh* seem to believe that most, if not all, of the dif- 
ferences observed between the resistivities of bismuth in different directions 


20 Pietenpol and Miley, Phys. Rev. [2] 33, 294 (1929). 
21 G. Borelius and A. E. Lindh, Ann. d. Physik 51, 607 (1916); and 53, 124 (1917). 
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are due to fissures and internal stresses. Bridgman” attributed the high re- 
sistivity observed by different experimenters perpendicular to the cleavage 
plane to the existence of fissures parallel to the main cleavage plane. Schnei- 
der, who finds a high ratio between the resistivities measured perpendicular 
and parallel to the main cleavage plane, apparently accepts Bridg- 
man’s explanation. The high resistivity values recently observed by 
Bridgman,™ for specimens in which the bending was known to be severe, are 
accounted for by means of fissures. Kapitza’s reduction of the abnormally 
high resistivity of some specimens by compression may be referred to as good 
evidence of the existence of fissures between the cleavage planes. The resis- 
tivity values of bismuth measured perpendicular to the main cleavage plane 
vary from 138 microhm-cm, Bridgman’s value when precautions are taken to 
avoid fissures, to 206 microhm-cm. Kapitza has explained the variation in 
the resistivity values at a given orientation as due to minute cracks and im- 
perfections in the crystal lattice. The hypothesis suggested to account for 
the origin of the cracks is a crystalline transformation slightly below the melt- 
ing point, which gives rise to the cracks during the change of shape that 
accompanies the transition. Kapitza mentions that the suggestion has been 
made that the transformation is possibly from the rhombohedral class of the 
hexagonal system to some class of the cubic system. The present investiga- 
tion indicates that the region of this allotropic transformation is 160° to 180° 
C. The experimentally determined point on the curve of bismuth II that is 
nearest the beginning of this region of negative coefficients is 160.78°C. A 
transition temperature has been designated as 75°C, 112° and 161°C.” 

We now believe that there are three factors that contribute to the high 
resistivity values for bismuth II in the temperature range 20° to 160°C, (a) 
the crystal orientation referred to above, which approached 0° at the center 
of the wire, (b) the cracks and imperfections in the crystal lattice which re- 
sult from rapid cooling of the wire through the region of the allotropic trans- 
formation, and (c) the presence of amorphous solid bismuth of abnormal re- 
sistivity which may be formed between the contact faces and in the re-en- 
trant angles in addition to the cracks. The fact that the resistivity values of 
bismuth I and bismuth II are nearly the same for temperatures above 180°C 
indicates that the factors contributing the high values for bismuth II below 
160°C are largely eliminated in passing through the range 160° to 180°C. This 
is good evidence of an allotropic transformation. Otherwise it would be hard 
to account for the removal of factor (a) which was observed to be present in 
bismuth II and not in bismuth I. No break was detected in the curves of 
bismuth I in passing through the region of the transition. This might be con- 
sidered as favoring the suggestion that the transformation is from the rhom- 
bohedral to some cubical form since such a transition would not be expected 
to result in a very great change in resistivity. 


2 P. W. Bridgman, Proc. Amer. Acad. Arts and Sci. 60, 361 (1925). 

23 G. W. Schneider, Phys. Rev. [2] 31, 251 (1928). 

* P. W. Bridgman, Proc. Amer. Acad. Arts and Sci. 63, 351 (1929). 
*% E. Cohen and A. Moesveld, Zeits. f. Phys. Chem. 85, 419 (1913). 
%* E. Janecke, Zeits. f. Phys. Chem. 90, 313 (1915). 
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ERRORS IN THE USE OF GRATINGS WITH X-RAYS 
DUE TO THE DIVERGENCE OF THE RADIATION 


By H. E. Stauss* 
RYERSON PHysiIcAL LABORATORY, UNIVERSITY OF CHICAGO 


(Received November 14, 1929) 


ABSTRACT 


The errors in the measurement of x-ray wave-lengths by means of gratings 
that are to be expected on account of the divergence of the incident beam are con- 
sidered in more detail than has been done before. In particular, the displacement 
of the diffracted line, the displacement of the zero order, or reflected, line, the dis- 
placement of the center of the incident beam relative to the center of the grating, 
and the effect of the height of the slits are considered and the expressions for the er- 
rors are obtained. These are applied to one of Bearden’s spectrograms, and the mag- 
nitude of the errors calculated. In this particular case, and apparently in general, 
the errors are less than other experimental errors. 


HE use of plane gratings makes possible the direct determination of 
x-ray wave-lengths with a high degree of accuracy. Unfortunately, 
unlike the case in optics, non-parallel radiation must be used with the gratings. 
It is possible that this condition may introduce errors into the measurements 
if the ordinary formula for parallel radiation is used in the calculations. One 
source of error is, as Porter' points out, the displacement of the spectrum 
lines. Bearden,? in his measurements of the K lines of copper, finds a dis- 
crepancy between his results and Siegbahn’s that is greater than the probable 
error. For the K, line he finds a value of 1.3926+0.0002A as compared with 
1.3893. Prins* thinks that part of the difference may be due to the use of a 
divergent beam of x-rays. Therefore, it is desirable that a detailed study of 
the errors that may arise from this cause be made. Two sources of error 
are to be expected. One is the divergence of radiation in what is assumed to 
be the plane of incidence, i.e., the plane through the source that is normal to 
the elements of the grating. The other is the divergence in the plane through 
the source and the central element of the grating—a plane which is normal to 
the other one considered. 
In connection with the first group of errors, Porter shows that the ordi- 
nary grating formula must be replaced by 


3 9 
nd =r(cos 69—cos 69’) | 1+ ) 
(cos & 0( — 





* National Research Fellow. 

1 A. W. Porter, Phil. Mag. 5, 1067 (1928). 

2 J. A. Bearden, Proc. Nat. Acad. Sci. 15, 528 (1929). Similar results have been found 
by Backlin, but the author has not seen a detailed account of his work. 

3 J. A. Prins, Nature 124, 370 (1929). 
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where r is the grating space, @) the angle of incidence, 0)’ that of diffraction, 
X the length of the grating, and /) the distance from the source to the grating 
or from the grating to the point of maximum intensity. This formula is a 
special case, applicable only when the two lengths mentioned are equal. The 
general case can be obtained readily, however, by the same methods and with 
the same assumptions and is 


a a (14 3X? e “ . 
nA =T\COS Gg— COS - — - —— - 
SNE 20(60'? = 66%) Ls? i? ' 





where /, is the distance from the source to the center of the grating and /, 
that from the grating to the point of maximum intensity. When ,+~1;, the 
correction term may be positive or negative, and differs for each line and each 
order in the spectrum. 

The derivation of this formula assumes a point source, which can only be 
the radiating atom in the target of the x-ray tube. If a slit is considered as a 
source, the effects due to all parts must be integrated, as in the case of parallel 
radiation, but the problem is more complex. The errors due to the divergence 
of the x-rays are so small that there is no reason for developing a new formula. 

Eq. (1) shows that the reflected beam, or the line of zero order, will also be 
displaced if 1,4#1,. When the left side is zero, cos @) cannot equal cos 69’ for 
then the second factor becomes infinite. Therefore this second term vanishes, 


or 
3X? (= ~) 
ss ———— }=0 
20(80'* — 007) \ x2? 


= pee (2 a) ; 
ina 20 \2 1? J (2) 


When /, and /, are greatly different, the displacement of the reflected beam 
may become important. The displacement may affect the value of \ in two 
ways. The position of the reflected line enters directly into all the angle mea- 





This reduces to 


B 








Fig. 1. 


surements. It may also enter into the length /, if this is determined from two 
exposures at different distances fom the grating. In this case the error in the 


‘ This expression is general, but negative values of m must be used for the negative orders. 








USE OF GRATINGS WITH X-RAYS 1603 


plate nearer the grating may be considerable, but from the nature of the 
dependence of /, upon the measurement of this plate, it is readily seen that a 
large error in the angle will make only a small error in /. 

The angles used in the previous formulae are measured to the center of 
the grating. In measuring the photographic plates, the center of the direct 
beam is used. In cases where slits prevent the beam from covering the grat- 
ing, the center of the beam and the center of the grating do not coincide. The 
angle between the two, CAC’ in Fig. 1, is readily determined. If BCA =8@, 
BC’'A =6', and BDA =6"' 


BC’ =1l,a/0’ where a is half the slit width//, 


1 a 
BD= 21, 0/6" = 2hia (+=), since 60’ =a+6” 


1 a 
BC = BD/2=lhea (— +=) 
@’ 9’2 


C'C = BC— BC! =|a?/6” 
CAC’ =CC'-6/l; = 00 /0"2~a?/0 =s?/4612 (3) 


where s is the slit-width. 

The fact that the source is not a single point, but is extended, will make 
the diffracted lines asymmetrical because the value of 6 will be different for 
each point in the source. The effect is measured by d@9’/d@) and can be 
determined accurately enough from the ordinary grating formula, A= 
r(cos@y— cos’). 

Thus 

d6.’ sin@ 4% 


dO, sin Oo’ 0! 





For the small values of d0, that are used in practice, the ratio 0)/@9’ is practi- 
cally a constant, and henced@,’/d@ also, and the diffracted beam is symmetri- 
cal within the limits of observation. 

The second type of divergence, that in a plane through the source and the 
central element of the grating, involves three-dimensional geometry, and 
hence the work will only be indicated here. If radiation from a point strikes 
the grating at a height 4 above the plane through the point normal to the 
grating elements, the angle of incidence is (@.?+?//*)'. In the plane of 
incidence of this beam the grating space is r/cos8 where B=h/l;. On the 
photographic plate the angle of diffraction is not measured, but its projection 
on a plane perpendicular to the lines of the grating. The net result is to pro- 
duce an error in the wave-length given by 


r (07h? 00 h’? 
n’-») = (“- (4) 
2 \ 2i;? 21,” 





where h+h’ is the height of the photographic trace above the source, and h’ 
is h/l;. 
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The order of these various errors can be determined for Bearden’s ex- 
periment.’ In the case of the upper left hand spectrogram in his figure, the 
spacing of the lines fits approximately the values, 4) = 0.00247, @,’=0.00459 
for the first order, and 6,’ =0.00988 for the sixth order. These values seem 
high, but they will be used. “l,” is about 60 cm and /; about 215. Then X 
must be 4 mm. Theerrors to be expected from Eq. (1) for these figures are 
—2.1 X 10-* for the first order and +1.1 X 10~’ for the sixth, or —0.0002 % 
and +0.00001 % respectively in the wave-length. The greatest uncertainty 
in these figures lies in the value of X. If this is assumed to be 1 cm instead of 
0.4 cm, the errors are increased to —0.0013 % and and +.00007 %. The 
error to be expected in 62 in Eq. (2) is 3.2 10X68, or 0.0003 % of 6. If X were 
1 cm, the error would be 0.0020 %. This latter corresponds to a displace- 
ment on the photographic film of 0.0001 mm. The values of CAC’ in Eq. (3) 
is 2.81 10-8. This represents 0.0006 mm on the photographic film. In order 
to determine the error due to the divergence in a vertical plane, it will be 
assumed that the spectrum lines are 1 cm high. The maximum error in A 
(for the K,line) is then —9.66X10-™ for the first order and —1.0X10-* for 
the sixth, or errors in A of 0.0006 % and 0.0007 % respectively. The actual 
errors are less because any point on a spectrum line receives radiation from a 
large part of the source. It is evident that in this particular experiment all the 
errors considered above are less than otherexperimental errors and are negligi- 
ble in their effect upon the accuracy of the experiment. It would seem, 
although it cannot be dogmatically stated to be always true, that in most 
cases the errors due to assuming the formula for parallel radiation are less 
than the experimental errors of measurement. 
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THE EMPIRICAL CALCULATION OF THE FUGACITIES 
IN GASEOUS MIXTURES. II. ITS RELATION TO THE 
TANGENTS ON CERTAIN THERMODYNAMIC 
DIAGRAMS. APPROXIMATE EQUATIONS FOR 
SOME IMPORTANT THERMODYNAMIC 
PROPERTIES OF GAS MIXTURES* 


By Louis J. GILLEsPIE 
(Received November 12, 1929) 


ABSTRACT 

The thermodynamic account of the behavior of mixtures of real gases at con- 
stant temperature may be resolved into two problems: (1) The p-v-T relationships 
for pure gases, as embraced in equations of state; and (2) The behavior of gases on mix- 
ing at constant temperature and volume, as expressed for example by the excess 
¥1—, of the partial molal volume of a gas in the mixture over its volume when pure 
at the temperature and pressure of the mixture. In part 1 it was shown that the 
limiting value of %:—v; at zero pressure is finite and positive and can be calculated 
with considerable success by a linear combination of constants previously tested at 
higher pressures. We are consequently in a position to calculate the limiting value 
of the tangents in certain thermodynamic diagrams, and equations are here given 
for so doing. These include a group of functions of the energy, entropy, heat content, 
and the ¢-p and tv thermodynamic potentials, as well as a smaller group of functions 
of the fugacity and equilibrium pressure. The former group takes advantage of the res- 
olution into two problems mentioned above. It is a noteworthy result that their limit- 
ing tangents depend only on the cohesive pressure A term of the equation of state. 
From the limiting values of the tangents there have been derived, by approximate 
integration, equations explicit in the pressure for the change of energy, entropy, 
heat content, tp and #-v thermodynamic potentials on mixing gases at constant 
temperature and pressure. From a consideration of the relative accuracy of cal- 
culation demanded in the two parts of the resolution it is believed that these approxi- 
mate equations should furnish, in connection with adequate equations of state, satis- 
factory thermodynamic calculations for pressures not too high. It is shown that 
the variation of the mass action function K, with composition at constant tem- 
perature and pressure depends at low pressures chiefly on the cohesive pressure A 
constants of the gases involved. 


INTRODUCTION 


HE functions (f:/fpx.) and (fi/px.), in which f; is the fugacity of a 

gas in a mixture, p the total pressure of the mixture, x, the mole fraction 
of gas 1 and f, is the fugacity of the pure gas 1 at the same temperature and 
total pressure of the mixture, are of considerable convenience, since each 
function does not differ greatly from unity at reasonably low pressures (es- 
pecially the former) and approaches it as a limit as the pressure approaches 
zero. Plots of the former with the total pressure as the independent variable 
have been given by Gibson and Sosnick' and by Merz and Whittaker? and of 


* Contribution from the Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 221. 
1 Gibson and Sosnick, Jour. Amer. Chem. Soc. 49, 2172 (1927). 
2 Merz and Whittaker, Jour. Amer. Chem. Soc. 50, 1522 (1928). 
1605 











1606 LOUIS J. GILLESPIE 


the latter by Gibson and Sosnick and by Randall and Sosnick.*? The tangent 
of the plot is related to the partial molal volume (d,) of the gas 1 in the mix- 
ture and to the molal volume (v;) of the pure gas 1 at the temperature and 
total pressure p of the mixture, in the case of plots of the first function; and 
to (v,) and (RT/p) in the case of plots of the second function. 

Evidence was presented in part I‘ that (6,—v,) does not vanish with the 
pressure, and that the limiting value at zero pressure is finite and positive 
under the experimental conditions so far obtaining, and finally that this limit- 
ing value can be reasonably well calculated without the aid of any data on 
mixtures by the use of “linear combination of constants” to form an equa- 
tion of state for the binary mixture. This evidence is based on data for 12 
mixtures, involving 6 gases in 4 binary combinations. The temperature was 
not the same for all mixtures and the reduced temperatures of the various 
gases were naturally different even at the same temperature. 

Previous study of the pressure data for mixtures of nitrogen and methane 
of Keyes and Burks® by them and by Beattie® had already shown linear 
combination valid for these mixtures at relatively high pressures. These data 
were for three mixtures, two of which differed considerably in composition, 
and for a temperature range from 0 to 200°. Lurie and Gillespie’ had also 
found linear combination satisfactory for certain mixtures of nitrogen and 
ammonia at 45°. 

It appears safe therefore to use this linear combination to calculate the 
limiting value at zero pressure of the quantity (8,—¥v,) and nearly as safe to 
calculate its temperature coefficient at constant pressure with due regard to 
the reduced temperatures of the gases in question. Since the relation between 
(v,;) and (RT/p) is given by the equation of state for a pure gas, we can 
equally well calculate the quantity (v, -RT/p) and its temperature coefficient 
if desired. 

Rigorous equations will be given, by means of which we can calculate 
from (j,—v,) and its derivative the tangents on other diagrams, in which 
for instance the increase of entropy (S$:—.S), of heat content, or of free energy 
is plotted as a function of the pressure. Some of these diagrams should prove 
to be important as the application of thermodynamics to real gases is further 
extended. 

It is a fortunate circumstance for the application of thermodynamics to 
gaseous equilibria that it is not usually necessary to know the quantity( 6, —»;) 
to a high degree of precision. Indeed, equating it to zero is equivalent® to 
the fugacity rule of Lewis and Randall,® which constitutes a major improve- 
ment on the mass action law of ideal gases, when evaluated by means of 
accurate pressure data for the individual gases. 


3 Randall and Sosnick, Jour. Amer. Chem. Soc. 50, 967 (1928). 

‘ Gillespie, Phys. Rev. 34, 352 (1929). 

5 Keyes and Burks, Jour. Amer. Chem. Soc. 50, 1100 (1928). 

6 Beattie, Jour. Amer. Chem. Soc. 51, 19 (1929). 

7? Lurie and Gillespie, Jour. Amer. Chem. Soc. 49, 1146 (1927). 

® Gillespie, Jour. Amer. Chem. Soc. 47, 305 (1925). 

* Lewis and Randall, “Thermodynamics,” McGraw-Hill Book Co., New York, (1923). 
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It seems useful to present in section 5 some approximate equations for 
use at low pressures, based on the evaluation of (j,—v,) and its temperature 
coefficient by means of linear combination. In the following section, No. 6, 
some approximate equations based on (v,— RT/p) are given because of their 
particular usefulness, though the approximations made in the integrations 
have a greater final effect on the accuracy. 


2. TANGENTS WHICH DIRECTLY INVOLVE (5:—2:) WITH OR 
WITHOUT ITS TEMPERATURE COEFFICIENT 


For the tangent on the plot of In (f:/f,x:) against the pressure we have 
the exact relation (1), which can be obtained by differentiation of equation 
2 of part 1. 





(‘ In (f1/fp%1) 
op 


The subscript x denotes constancy of composition. 
Equation (1) leads to equation (2): 


(Ae a fi 
Op Tz RT So*1 


The function (f:/f,x1) approaches unity as the pressure approaches zero; 
(6, —v,) approaches a finite value not zero; hence 


Limit (Se) = (6,—v,)/RT (3) 
Op Tx P=0 


Now the plots of this function already published for binary mixtures of 
argon and ethylene!’ do not clearly show tangents differing from zero at the 
origin. This is partly due to the scale on which they are drawn and partly 
to the fact that the plotted values were computed under an assumption equiv- 
alent to making (j,—v,) vanish with the pressure. Similar plots for nitro- 
gen and hydrogen? show tangents clearly differing from zero at the origin al- 
though the plotted quantities were calculated from a preliminary graph on 
which the extrapolation to zero pressure was made in a manner equivalent 
to the assumption that (d,—v,) vanishes. This inconsistency produces inflec- 
tions in the published curves at low pressures, which inflections disappear 
when (5,—2;) is properly smoothed in the preliminary graph. 

In order to pass over to a consideration of the entropy changes on mixing 
and changes of other thermodynamic functions corresponding to the volume 
change (j,—v,) we use the equations of Gibbs 


a a - 
(“) =, and (= )=-5 (4) 
Op Tz OT ys 


where the use of the bar and subscript is extended to other quantities, in the 
manner of Lewis and Randiall,® indicating the operation (0/0) ipayn,--- - 


) =(6,—0,)/RT. (1) 
Tz 








(2) 
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Let the subscript 1 refer to the gas in the mixture whose total pressure is 
p. Let the subscript 1p refer to 1 mole of pure gas at the total pressure p. 
Then we shall write (é:—2,) instead of simply (6,—v,). We shall have 


a Op 
( a2) =p and ( ~~") =—Sip, (S) 
Op /r OT />» 


where v;, and s,, are the volume and entropy of a mole of pure gas at the 
pressure p and the temperature 7. From equations (4) and (5) we obtain 
equations 


(a) 
Op Tz 


Since all the symbols represent functions of the state of the system (without 
reference to the path) we may equate the second partial derivatives of the 
form 07/0pdT. 

Hence 











Hn — mig) _ 
bi—v1p (6a) and (“= a) =—(Si-Si,). (6b) 
- Fes 


(/8p)r(S1—S1,) = —(0/0T),2(0i— 1p). (7) 


This equation gives the tangent on the diagram obtained by plotting against 
the pressure what we may call the increase of entropy experienced by a gas on 
being introduced into a mixture. 

For the “heat content” H(=U+pV) we use the relation which defines 
the ¢, p-potential ¢, namely ¢= U+pV—TS=H-TS. 
By differentiation we obtain 


¢1=m1=Ai—TS, 
whereas 
dip =Mip=Hip—TS1p. 
Hence 
(Si—Stp) = [Hi—Hiy— (ui — iy) |(1/T) (8) 
Differentiation with respect to pressure gives 
(8/8p)r2(S1—S1p) = [(8/8p)r (Hi — Hip) — (8/8) 2 oui — wry) (1/7) 
= [(8/9p)r2(H1— Hip) — (61—%15)] (1/7). 


By comparison with equation (7) we obtain the relation desired 


(0/dp)r(Mi— H,,)= (5;—1p) = T(0/8T) p2(01— 1p) . (9) 
For the energy (U) we apply a similar procedure to the defining relation 
H=U+9V. 


From this we obtain first 


H,=U\+ pi, and Hi,=Uip+ prip 
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from which equations we obtain 
Ui— Up = F1— Ap — p(61— 019) (10) 
and 
(8/8p)r 2 U1— Uy) = (8/8) 7 Hi — Hy) — p(0/dp)r (61-01) — (01-1) « 
Comparison with equation (9) gives 
(8/8p)r2(U1— U1y) = — p(0/dp)r2(51— 1p) — T(9/9T) p2(d1— 1p). (11) 


At zero pressure the first term of the right-hand member vanishes, since the 
data show that the derivative is finite; but not necessarily the second, leaving 


Limit (0/4p)r2(Ui— U1») = — T(0/8T) p2(d1— 1). (12) 


p=0 
For the Helmholtz free energy (W) (=U-—TS) we obtain 
Wi=U,-TS, and W,,=U1,—TSip. 
From these equations we find 
Wi Wip=Ui— Uip— T(S1—S1y) (13) 
(0/0p)r2(Wi— Wy) =(0/0p)7 (U1 — Up) — T(0/0p)7 (S1—S ip) 
and by the use of equations (7) and (11) this is reduced to 
(8/8p)r (Wi — Wi) = — p(9/9P)r (61-019) (14) 


which vanishes at zero pressure. The Helmholtz free energy is the only one 
of the functions under consideration for which the change approaches asymp- 
totically its value at zero pressure. 


2. A EQUATIONS FOR THE EVALUATION OF THE TANGENTS AT ZERO 
PRESSURE BY MEANS OF LINEAR COMBINATION 


These equations are here set down without proof, as their derivation is 
tedious and involves only calculus and algebra without addition of physical 
principles. 

For mixtures containing any number of constituents, 1 to m, we have 


Limit (0:—21p) =(A1'/?—24x1A 1/*)2(1/RT) (15) 
p=0 
Limit (0/87) p2(01— 1p) = — (Ar? — DA 1"/2)°(1/RT?). (16) 
p=0 


For binary mixtures the relations are: 


Limit (0; —1p) = %2°(A1!/2— Az" /*)?(1/RT) (17) 
: p=0 
Limit (0/8T) pz(t1— 1p) =— X2?(A /2?—A o'/2)2(1/ RT?) . (18) 
p=0 


These values can be substituted into equations (1), (3), (6a), (7), (9) and 
(12), thus giving limiting values of the tangents for use in the extrapolation 





| 
| 
: 
) 
! 
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of data to zero pressure. Of the constants in the equations of state (for the 
pure gases) of Keyes or of Beattie and Bridgeman only the cohesive pressure 
constant A is necessary. The values of A given in tables are often calculated 
from critical data, as is the case in the Landolt-Bérnstein Tabellen, and should 
not be used, as such constants from critical data do not correctly represent 
pressure data when used in van der Waal’s equation. The second virial coeffi- 
cient, commonly denoted by the letter B, should not be used, as it is an in- 
volved function of the equation of state constants.* 


3. TRANSFORMATION OF THE RESULTS TO THE INTEGRAL 
EFFECT ON MIXING 


Whenever we are interested in the total increase (J) of a thermodynamic 
function (Z) which takes place when x, moles of gas 1, x2: moles of gas 2, x3 
moles of gas 3, etc., are mixed at constant pressure and temperature to form 
1 mole of mixture we may use the general relation 


I =24x,Z,—PxZ1, =>x,(Z; —Zi») e 
Then 
(01/8p)rz=>[x1(0/0p)r(Z1—Z1,) |. 


The tangent, 0J/dp, can then be found as a sum of terms involving (6:—1:) 
plus a sum of terms involving its temperature coefficient. The limiting value 
of the tangent at zero pressure can also be found by then evaluating the sums 
by the use of the following relations. 
For mixtures containing any number of constituents, from 1 to n; 
Limit > [+:(5;—,) | = 2x14 ,— (241A 1"/2)?](1/RT) (19) 
p=0 


Limit 2 [21(8/87) p2(61— 0p) ] = — [Zx1A1—(Sx1Ai"*)*](1/RT®) (20) 


p=0 
And for binary mixtures; 


Limit >[x1(6:—01,) | = X1X2(A 1!/2—A,'/?)2(1/RT) (21) 
p=0 
Limit >[x1(8/0T) ,(61:—1p) | “ “ X1X2(A 1!/2— A,'/2)2(1/ RT?) (22) 


p=0 


4. LIMITING VALUES OF SOME IMPORTANT FUNCTIONS AT ZERO 
PRESSURE 


The values of (U:— Uiy) and (H:—H),) for real gases at zero pressure 
may be safely taken as zero as in the theory of ideal gases. The quantities S, 
u, and W become infinite at zero pressure and a further hypothesis is neces- 
sary to show that differences of the type (Si1—Si,) become at zero pressure 
equal to the ideal gas values. If this is true of one of the differences it can 
be shown true of the others by the use of equations (8) and (13). The necessary 


* This has very recently been discussed by W. E. Deming and L. E. Shupe, Jour. Franklin 
Inst., 208, 389 (1929). 
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hypothesis was made however in the deduction of equation (2) of part 1, when 
a certain form of Dalton’s law was assumed applicable to real gases at zero 
pressure. This equation reads, if we transform fugacities into chemical po- 
tentials: 


Pp 
Mi—pMip=RT In 41+ f (d:—v1y)dp. (23) 
0 
We obtain directly 
Limit (ui—y1p) =RT In x; (24) 
p=0 


From equation (8) we obtain 


Limit (S:—S,,) = —R In x, (25) 


p=0 
which is a positive quantity, and from equation (13) we finally obtain 


Limit (W,—W,,)=RT In x}. (26) 
p=0 


For completeness let us repeat that the limiting value of (/:/f,%:) at zero 
pressure is unity. 


5. APPROXIMATE EQUATIONS FOR THE FUNCTIONS AT LOW PRESSURES 


We may obtain an approximate equation, which should be useful at rea- 
sonably low pressures, for the value of any of the above functions in terms 
of the pressure, temperature, composition, and the cohesive pressure (A) 
constants. This maybe done byan integration in which the tangent is assumed 
constant and equal to the limiting value given in section 2A and for which 
the integration constant is the limiting value of the function at zero pressure. 
The latter value is given in section 4. 

The equations for binary mixtures only are given below. In the first 
equation (27) a further approximation is made: that the ratio (/1/fp*,) re- 


mains unity over the pressure range. This is not assumed for the second equa- 
tion (28). 














' (A,'/?—A,'/?)? " 
Fugacity Si/fpX1=1+ x2? (RT)? p (27) 
(A )/2— A,!/?)? 

Fugacity In (fi/fp%1) =x" (RT)? p (28) 

Chemical potential or partial moral free energy (Ay? Aghi2)2 
¢1—¢1p =H — 1p =RT In Xi + Xe? — a p (29) 

RT 
” (A,1/2— Ag!/2)2 

Entropy §,—Sip=—R In x42? ore p (30) 


af (A,'/2—A,"/2)?2 
Energy U,—U,,=x?7 RT 





(31) 
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A 1/2_. 4 1/2)\2 
Heat content Fy, — Hy, = 2x — a (32) 


Helmholtz free energy Wi- Wip=RT In x. (33) 





6. APPROXIMATE EQUATIONS FOR SOME FUNCTIONS WHOSE TANGENTS 
DEPEND UPON (6,—RT/p). 


From the value of (6,— RT/p), tangents can be found for functions of the 
form (4:—y;) in which yp; occurs instead of wu, and represents the value of u 
for an ideal gas at the pressure p of the mixture, i.e., the value that would be 
calculated for the pure gas 1 at the pressure p by assuming pV =RT for the 
integrations. 

For this purpose equation (3) of part 1 is available: which is in terms of 
chemical potentials; 


Mi wi= f (0,—RT/p)dp. 
0 


The nature of the operations is such that in any of the equations of section 
2 the subscripts ,, may be replaced with the subscript ; if v; is replaced with 
RT/?. 

If approximate equations are derived from such tangents by integrat- 
ing at constant ordinate the effect of the inaccuracy is presumably greater 
than in the previous case, because an approximation is made in the v,dp in- 
tegrals for the pure gases, and these integrals appear to have more impor- 
tance in the final result than integrals (6,—v,)dp. 

Such equations could be evaluated by means of the relations 

Limit (6,— RT/p) = B,—A,/RT—c,/T?+(A,!/?—24x,A,!/2)?/RT (34) 


p=0 


wherein A,!?—2x,A'?=x,(A,/?—A,"/?) for binary mixtures. 

There are given below only those approximate equations of this degree 
of accuracy (or of less) which appear at present to have particular usefulness 
or convenience. 

Equation (3) of part 1 leads to the approximate relation 

Limit (6,— RT/p) 


In (f1/px1) = (RT) p (35) 





and the less exact relation 


(36) 





Limit (6,— RT/p) . 


fi/pxr=1+ RT 


Now the function f,/px, is intermediate between the function f,/fpx: and 
the function :/px, in which p; represents the equilibrium pressure of the 
gas 1 in the mixture. From equation (30) of Beattie!°we can derive by approxi- 
mate integration the following relation 


10 Beattie, Phys. Rev. 32, 699 (1928). 
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In (pi/px1) =(Bi—Ai/RT—0,/T*)(p— pi) /RT+(A1'/?—2 4A 1)/?)*p,/R°T?. (37) 


This can readily be used to calculate the equilibrium pressure ; (which would 
in certain applications be the vapor pressure of a liquid under the total pres- 
sure of a gas mixture and subject to the lowering of vapor pressure due to 
dissolved gases). The equation is implicit in p; but in numerical calculations 
p: in the right hand side may be put equal to px, for the first approximation, 
and the improved value obtained from the logarithm may then be used for 
the second approximation, which will probably be the final value, as the con- 
vergence is rapid. 

A more severe approximation, but one which may be useful when the 
equation of state constants are known for only gas 1, is obtained by assuming 
(3, —v,) constant and also zero. This gives 


In (pi/px1) =(B,—A 1/RT —c,/T*)(p—p1)/RT. (38) 


A mass action equation derived by approximate integration in this way, 
and similarly limited by the assumption that (,—v) is zero at all pressures, 
has served to represent the pressure variation of the Haber equilibrium up 
to 100 atmospheres." 

It was given as 


2(v1A3) p >(v181) 
2.3R°T? 2.3RT 





log K,=log Ks+ 


for evaluation by means of the Keyes equation of state. A form for either 
the Keyes or the Beattie-Bridgeman equation is 


log K,=log Ks— [2v,(B,—A1/RT—¢,/T*) |p/2.3RT. (39) 


The constants A and B are given as Ay and By by Beattie and Bridgeman, 
and correspond to the A and 6 of Keyes. For the Keyes equation ¢ may be 
put equal to zero. K;, is the mass action function of the fugacities, and is a 
function of the temperature. The » is the coefficient in the equation for the 
chemical reaction when this is written, 2(v,M,) =0, M being the symbol for 
the element or molecule. 

The following mass action equation should be more accurate, since (5; —v) 
is not assumed zero, but merely constant and equal to its limiting value at 
zero pressure. 


log K,=log K ;— [2v:(By—A1/RT—0,/T*) +3,(A 1/2 —Ex,A1'/2)?/RT | p/2.3RT. 


It is noteworthy that this equation (40) may be written for any definite 
chemical reaction among gases as follows: 


log Kp=F(T, p) — [2vi(A1"/2—Dx 1A "/2)2] p/2.3R2T?. (41) 


No experiments seem to have been performed at high enough pressures to 
reveal any variation of K, with composition at constant T and p. In his cal- 
culations on the pressure effect in the Haber equilibrium Keyes” observed, 


4 Gillespie, Jour. Amer. Chem. Soc. 48, 28 (1926). 
® Keyes, Jour. Amer. Chem. Soc. 49, 1393 (1927). 
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without reporting the fact, that the composition terms in his mass action equa- 
tion were small below 100 atmospheres, becoming appreciable in comparison 
with the other terms at the higher pressures. Considering therefore the state 
of our experimental knowledge and the evident smallness of the composition 
effects, equation (41) or (40) should be a valuable mass action equation in 
the usual sense giving the variation of the equilibrium function K, with the 
composition. This variation involves as parameters only the cohesive pres- 
sure A constants, and will perhaps be important only when several molecules 
of some species enter into the reaction, for which species the A constant dif- 
fers considerably from the mean A constant of the equilibrium mixtures. 

Equation (40) can be reduced to an equation given by Keyes" (equation 
(19) ) by putting c=0 and rearranging into a form more suitable for numerical 
computation. It can also be shown consistent with an equation given by 
Beattie“ in terms of the volume of the mixture, by expanding the term 
log (bVm/RT) of his equation (22), rejecting higher terms of the expansion 
and rearranging, and finally putting p/RT for 1/ V» as the factor which multi- 
plies the whole pressure coefficient. 











TABLE I, 

Gas A B c 
Helium 0.0216 0.01400 0.004 -10* 
Neon 0.2125 0.02060 0.101 -104 
Argon 1.2907 0.03931 5.99 -108 
Hydrogen 0.1975 0.02096 0.0504 - 10* 
Nitrogen and carbon 

monoxide 1.3445 0.05046 4.20 -104 
Oxygen 1.4911 0.04624 4.80 -108 
AirG® 1.3012 0.04611 4.34 -10 
Carbon dioxide and 

nitrous oxide 5.0065 0.10476 66.00 -10¢ 
Methane 2.2769 0.05587 12.83 -104 
Ethyl ether 31.278 0.45446 33.33 +104 
Ammonia 2.3930 0.03415 476.87 +104 
Ethylene 6.1520 0.12156 22.68 -10¢ 








For convenience suitable constaats for A, B, and ¢ are given in Table I 
from the papers of Beattie and Bridgeman.“ The units are atmospheres, 
liters per mole, and degrees Centigrade absolute (=273.13+2). The value 
of R is 0.08206. Two other constants occur in their equation. These are 
needed for the calculation of pressures, but occur only as terms of higher order 
that have been neglected in the approximate equations given above. 


13 Beattie, Phys. Rev. 32, 691 (1928). Equation (22). It is exactly integrated in terms of 
the volume. 

“J. A. Beattie and O. C. Bridgeman, Jour. Amer. Chem. Soc. 50, 3133 (1928); and 50, 
3151 (1928). In their second paper it was shown that the constants of N2 and CO; could be 
used for their isosteres, CO and NO, respectively, in the calculation of the weight of a normal 
liter and therefore for other calculations at moderate pressures. The values for ethylene are 
by L. J. Gillespie, Jour. Physical Chem. 64, 354 (1929). 

% The algebra of the combination of constants is such that mixtures of air and one other 
gas may be treated as binary mixtures in the use of the formulas given in this paper. 
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THE HEAT CAPACITIES OF REAL GASES AND 
MIXTURES OF REAL GASES 


By James A. BEATTIE 
(Received November 12, 1929) 


ABSTRACT 


Simple approximate equations expressing Cy and C, of gases as functions of p and 
T are given. They are derived by neglecting all powers of 1/ V higher than the first 
and replacing 1/V by p/RT in the complete equations for Cy and C, which are 
obtained by use of the Beattie-Bridgeman equation of state and which express 
these quantities as functions of V and T. The resulting relation for C, (Eq. (8) ) 
reproduces the thermal data on air well, and those on ammonia fairly well. 

The complete and approximate equations for Cy and C, of gas mixtures ex- 
pressing these quantities as functions of V and T, and of » and T, are given. They 
are derived by use of the generalized Beattie-Bridgeman equation of state for gas 
mixtures on the basis of one assumption; that of the additivity of energy of real 
gases at infinitely low pressures. 


1. HEAT CAPACITY OF PURE GASES 


HE molal heat capacities at constant volume Cy and at constant pressure 

C, of a gas can be evaluated if either Cy or C, is given as a function of the 
temperature for some one density or pressure and if an equation of state for 
the gas is known. When experimental measurements of the heat capacity of 
a gas over a range of pressures are available, this method of calculating the 
thermal properties gives a valuable check on the accuracy with which the 
equation of state represents the trends of the compressibility data, especially 
the variation of the curvature of the isometrics with both temperature and 
density ; when thermal data are given only for low pressures, values for higher 
pressures can be computed. 

Keyes! has applied his equation of state to the calculation of Cy for air, 
carbon dioxide and nitrogen with good success. 

Bridgeman? and the author® have used expressions derived from the 
Beattie-Bridgeman equation of state‘ to evaluate C, for air? and ammonia.® 
The computed values agree well with the experimental results of Roebuck’ on 
air which cover the range from 0° to 280°C and 1 to 220 atmospheres; and 
fairly well with the measurements of Osborne, Stimson, Sligh and Cragoe* on 
ammonia extending from —30 to 150°C and to 20 atmospheres, the agree- 


* Contribution from the Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 229. 

1 Keyes, Jour. Amer. Chem. Soc. 43, 1452 (1921); ibid. 46, 1584 (1924); ibid. 49, 896 
(1927). 

2 Bridgeman, Phys. Rev. 34, 527 (1929). 

3 Beattie, Jour. of Math. and Physics, M.I.T., (In press). 

4 Beattie and Bridgeman, Proc. Amer. Acad. Arts and Sci. 63, 229 (1928). 

& Roebuck, Proc. Amer. Acad. Arts and Sci. 60, 537 (1925). 

* Osborne, Stimson, Sligh and Cragoe, Scientific Papers of the Bureau of Standards 
20, 65 (1924). 
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ment being good above 100°C but increasingly bad as the temperature is 
decreased below 100°. 
The equations for Cy and C, can be obtained from the usual thermody- 


namic relations: 
aCy 3 
(3), (29 : 
OV /r OT*/y 


ap\ (av 
Cp=Cy+ 1(-*) (—). 
aT/y\aT/, 


By calculating the partial derivatives of (1) from the Beattie-Bridgeman 
equation of state and integrating between the limits V= © and the variable 


volume V, we obtain: 
. ge Re 3Bo 2Bob 
Cy =Cy*+ . 6+ - — ) . (3) 
T?} J y? 


(2) 











When the partial derivatives of (2) are similarly evaluated and Cy eliminated 
by use of (3) and the relation 

Cy*=C,*—R (4) 
there results: 


Fea Re 3By 2 Bob 
itadiaines =. el ae 
R[1+(Bo+ 2c/T*)/V+(— Bob+2Boc/T?)/V?—2Bobe/T?V° |? 
1+2( Bo —Ao/RT —c/T*)/V +3( — Bob +Aa/RT — Boc/T*)/V?+4Bobc/T*V* 





(5) 





In these expressions Cy* and C,* are the molal heat capacities of the gas at 
zero pressure; for a given gas they are temperature functions which can be 
obtained from thermal data on Cy or C, measured at finite values of V or 
p and reduced to zero pressure by use of the relations (3) or (5). The 
quantities R, Ao, a, Bo, b and c are parameters occurring in the equation of 
state, which may be written in the virial form 


pV =RT+8/V+7/V2+6/V3 (6) 
B= RT Bo—Ao— Rc/T? 
y= —RTBob+Aca—RBoc/T? 
5 = RBobc/T?. 


Equations (3) and (5) express Cy and C, as functions of Vand T. Simple 
approximate relations expressing these thermal quantities as functions of p 
and T can be derived from (3) and (5) by dropping all terms in 1/ V of higher 
order than the first and replacing 1/V by p/RT. There then result: 


6c 

Cy=Cy*+—e (7) 
T4 

" : 2Apo 12c 

Catt (ent)? 
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These relations represent the experimental data surprisingly well; so well, in 
fact, that some compensation must have taken place between the various 
approximations made. 

In Tables I and II are given the comparison of the values of C, calculated 
from (8) with the observed values for air and ammonia. The heat capacities 
at zero pressure of air were obtained by reducing the one atmosphere values 
used by Roebuck to zero pressure by use of the relation (8); the zero values 
for ammonia are those given by Osborne, Stimson, Sligh and Cragoe.* The 
equation of state constants of air listed in Table I are those used by Bridge- 
man? and were derived from the compressibility measurements made by 
Holborn and Schultze;’ the constants of ammonia are those used by the 
author*® and determined from the compressibility data of Beattie and Law- 
rence.® 


TABLE I. Comparison of the calculated with the observed values of the heat capacity at con- 
stant pressure of air. Calculations made with equation (8). In units of atmospheres, liters per 
mole, degrees Kelvin the values of the constants are R=0.08206, Ag=1.0763,c=12X10*. Molecu- 
lar weight =28.960. 














Pressure, atm. = 0 20 60 100 140 180 220 
Temp. Specific heat, 15° calories per degree C per gram. 
0°C) obs. 0.2400 0.249 0.266 0.280 
obs.-calc. —0.001 -—0.005 —0.011 
25 | obs. 0.2406 0.249 0.263 0.276 0.287 0.296 0.302 
obs.-calc. 0.000 -—0.002 -—0.005 -0.010 -0.016 -—0.026 
50 | obs. 0.2412 0.248 0.260 0.272 0.282 0.290 0.296 
obs.-calc. 0.000 0.000 -—0.001 -—0.004 -0.009 -—0.016 
75 | obs. 0.2416 0.248 0.258 0.268 0.277 0.284 0.289 
obs.-calc. 0.001 0.001 0.000 -—0.001 -—0.005 —0.010 
100 | obs. 0.2422 0.247 0.256 0.265 0.273 0.279 0.284 
obs.-calc. 0.000 0.001 0.001 0.000 -—0.003  -—0.007 
150 | obs. 0.2432 0.247 0.253 0.260 0.266 0.271 0.275 
obs.-cale. 0.001 0.000 0.001 0.000 -—0.001 —0.003 
200 | obs. 0.2442 0.246 0.251 0.257 0.261 0.264 0.268 
obs.-cale. —0.001 —0.001 0.001 0.000 -—0.002 —0.003 
250 | obs. 0.2452 0.247 0.250 0.254 0.257 0.260 0.262 
obs.-calc. 0.000 —0.001 -—0.001 -—0.002 -0.003 -—0.004 
280 | obs. 0.2457 0.247 0.249 0.252 0.254 0.257 0.259 
obs.-calc. 0.000 -—0.002 -—0.002 -—0.004 -—0.004 —0.005 
Average deviation 0.0035 cal. 
Average % deviation 1.25% 








For the computation of Tables I and II, the last term of equation (8) was 
first evaluated in units of atmospheres, liters per mole and degrees Kelvin. 
The conversion factors by which this term must be multiplied are 24.212/M 
to reduce to 15° calories per gram per degree Centigrade and 24.235/M to 

7 Holborn and Schultze, Ann. d. Physik 47, 1089 (1915); see also Holborn and Otto, 


Zeits. f. Physik 33, 1 (1925). 
8 Beattie and Lawrence, Jour. Amer. Chem. Soc. 52, January (1930). 
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reduce to 20° calories per gram per degree Centigrade, where M is the molec- 
ular weight of the gas. 


TaBLE II. Comparison of the calculated with the observed values of the heat capacity at con- 
stant pressure of ammonia. Calculations made with equation (8). In units of atmospheres, liters 
per mole, degrees Kelvin the values of the constants are R=0.08206, Ao=2.3930, c= 476.87 X 104. 
Molecular weight= 17.0311. 











Pressure, atm. = 0 2 4 6 8 10 12 14 16 18 20 
Temp. Specific heat, 20° calories per degree C per gram. 

0°C | obs. 0.4917 0.553 0.639 
obs.-calc. 0.030 0.084 

50 obs. 0.5097 0.531 0.556 0.584 0.616 0.651 0.690 0.735 0.785 0.845 0.917 

obs.-calc. 0.005 0.013 0.025 0.040 0.059 0.081 0.110 0.143 0.186 0.242 

100 obs. 0.5306 0.541 0.553 0.565 0.577 0.591 0.604 0.619 0.634 0.650 0.667 

obs.-calec. 0.001 0.003 0.006 0.008 0.012 0.016 0.021 0.027 0.033 0.040 

150 obs. 0.5532 0.560 0.566 0.573 0.579 0.586 0.593 0.600 0.607 0.615 0.622 

obs.-calc. 0.001 0.001 0.002 0.002 0.003 0.004 0.005 0.006 0.008 0.009 











The agreement between the observed and calculated values of C, for air 
(Table I) is good, in fact there is practically no difference in the deviations 
whether the complete or approximate relation for C,, that is equation (5) or 
(8), is used, the average deviations being 1.1% and 1.25% respectively. 

For ammonia (Table II) the approximate equation (8) gives values whose 
deviations are of the same order of magnitude, but larger, than the complete 
equation (5). Below 100°C neither relation leads to satisfactory values. It 
has been pointed out® that ammonia is one of the most unfavorable cases for 
the calculation of the pressure variation of thermal quantities because the 
isometrics exhibit such great curvature. Part of the deviation in the region 
below 100°C may be due to failure of the equation of state to reproduce all of 
the trends of the compressibility data and part to an inconsistency between 
the compressibility and thermal data. Above 100°C the complete relation 
(5) gives a better representation of the experimental results than the ap- 
proximate relation (8); but the approximate expression fits the data fairly 
well, the average deviations being 2.7% at 100°C and 0.7% at 150°. 

In general it seems safe to state that values of Cy or C, calculated from 
relations (7) or (8) will be accurate to several percent when the temperature is 
not too near the critical. At temperatures below the critical, the deviations 
may amount to 5% or more depending on the pressure. The representation 
by both the approximate and the exact equations may be unsatisfactory near 
the saturation line for gases whose c constant of the equation of state is large. 


2. Heat CApPAcITy oF GAs MIXTURES 


For the determination of Cy or C, of a gas mixture from known properties 
of the pure component gases it is necessary to make one assumption, namely: 
At infinitely low pressures the energy of a mixture of gases is equal to the sum 
of the energies of the pure component gases when each is at the temperature 
and occupies the total volume of the mixture. This assumption has been dis- 
cussed by the author® and by Gillespie.'° 


® Beattie, Phys. Rev. 31, 680 (1928); 32, 691 (1928). 
10 Gillespie, Phys. Rev. 34, 1605 (1929). 
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By use of this assumption, the heat capacity of any gas mixture can be 
evaluated when: 

(1) Cy or C, for all of the component gases are known as functions of the 
temperature for some one density or pressure, and 

(2) a generalized equation of gas mixtures of the form 


F(p,V,T,m,m2, = )=0 


is available and the equation of state parameters of the pure gases known. 

The thermodynamic relations (1) and (2) may be applied to a mixture of 
gases in which no change in composition occurs. If equation (1) is integrated 
at constant temperature and composition between the limits V= © and the 
variable volume V, there results: 


Cy =Cy*+ i (=) dV (9) 
C.) oT? Via 


where ~, V, 7, and Cy* refer to the mixture and the subscript m denotes 
differentiation at constant composition. Now 


Cy*=(0U*/dT)y » (10) 
and if the assumption stated above holds: 
U*= >omU;* (11) 


where x; is the mole fraction of Gas 1 in the mixture, U,* its molal energy at 
zero pressure (referred to some arbitrary state) and U* the molal energy of 
the mixture at zero pressure. The summation extends over all of the gases in 
the mixture. By differentiation of (11) with respect to temperature at con- 
stant composition and volume, we obtain 


Cyt= SiaCri*. (12) 
Equation (9) then becomes 
V 0°» 
Cy= DaCvi*+ J (=) av . (13) 


To derive the relation for C, of a gas mixture, we substitute (13) and (4) into 
the relation (2). There results: 


, (ap ap av 
C= Ssl,—-R f "1(=) dV (-*) (<;) 14 
LaCa—R+ « WIYe. tor AY) (14) 


The partial derivative of (13) and (14) must be evaluated from an equa- 
tion of state for mixtures. The Beattie-Bridgeman equation of state (6) has 
been generalized" to apply to gas mixtures, by use of essentially the same 
method of determining the parameters of the mixture from the composition 
and the parameters of the pure gases as that suggested by van der Waals and 
Galitzine” and by Keyes," namely: 


1! Beattie, Jour. Amer. Chem. Soc. 51, 19 (1929). 

2 yan der Waals, “Die Continuitit des Gasférmigen und Flissigen Zustandes,” Part II, 
Barth, Leipzig, 1900; Galitzine, Wied. Ann. 41, 770 (1890). 

13 Keyes and Burks. Jour. Amer. Chem. Soc. 50, 1100 (1928). 
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Rn= > 1R=R Aom=( > «1Aoi!/?)? an = > xa, 
Bon= > «Bo bn = doxibs Cn = dome. 


The subscript m refers to the values of the parameters for a mixture whose 
composition is expressed in terms of the mole fractions x1, x2, - - + ; the sub- 
script 1 to the values for the pure Gas 1. The complete equation of state of a 
mixture is obtained by substituting the value of the parameters of the mix- 
ture into equation (6), V becoming the volume of an average mole of mixture 
if the composition is expressed in mole fractions. 

Evaluating the partial derivatives of (13) and (14) from the generalized 
equation of state of mixtures and carrying out the indicated integration, we 
obtain: 


(15) 





R Dose. | 3 > «Bor 2 > «Bo z80h 
V 


Cy= nCy,* 
Vv yox Vv, + Ty \ 73 


C,= Sel,*-R+— Lay 3 LaBu_2 Lae zee) (17) 
Ty \ V v2 
R[1+( dom Burt2 Do xier/T*)/V+(— Dox Bor Do eibit2 Do xi Bor Do xiei/T*)/ 
1+2[ >> xBo—(>oxA0!*)?/RT— Do x10,/T?)]/V+3[— Dox Bor > xibit 
V2—2 SoxiBor Do xibi Dai: /T*V3 |? 
(>> x14 01!/*)? ) x101/RT— >> «1 Bor > x101/T?)/V2?+4)>,21Bor > x1b1 Dx 101/ Tvs 


The approximate equations corresponding to (7) and (8) are 


6 doar 
Tr P 


(16) 











Cy= DomCy,*+ 


2( >> «1A o1!/?)? 12 > 4101 
C,= Dacy,4( RT? + Ts )p. (19) 


(18) 





The Beattie-Bridgeman equation of state for gas mixtures has been shown 
to represent the experimental data satisfactorily": “ and the assumption of 
the additivity of energy of real gases at low pressures should be quite accurate. 
Hence the complete expressions (16) and (17) as well as the “approximate 
equations” (18) and (19) for the molal heat capacities Cy and C, of gas 
mixtures should give a satisfactory representation of these thermal properties. 
If any of the gases in the mixture have large c constants the representation 
may be unsatisfactory near the condensation line. 

For the use of these relations the quantities ()>x1Am"”),? )oxai, > ox: Bu, 
Yoxb: and Dome, which are constant for any one mixture, are first computed. 
These are then combined with the temperature in such a manner that the 
various coefficients of 1/ V or of pare obtained for each isotherm. A systemat- 
ic manner of making the computations has already been suggested.® 


4 Gillespie, Phys. Rev. 34, 352 (1929). 
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A THEORY OF THE PERMANENT MAGNETIC 
FIELDS OF THE SUN AND EARTH: A CORRECTION 


By Ross GuNN 
NAVAL RESEARCH LABORATORY, WASHINGTON, D. C. 


(Received November 6, 1929) 


ABSTRACT 


Calculations by Page applied to the problem of the origin of the magnetic fields 
of the sun and earth show that earth currents arising from internal electric or gravi- 
tational fields crossed with a self-generated magnetic field tend to magnetize the earth 
rather than demagnetize it as was originally assumed. By attributing the observed fieid 
to electric and magnetic effects alone, ion free paths of only 10-7 cm are required where- 
as the original current systems which were attributed to an inhomogeneous magnetic 
field indicated that free path lengths of 3 10~* cm were necessary. The qualitative 
features of the original theory are unchanged. 


ly a letter to the writer, Professor Leigh Page kindly pointed out an error 
that entered the calculations made in the author’s recent paper on “A 
Theory of the Permanent Magnetic Field of the Sun and Earth.”! 

A re-examination of the calculations in the light of his criticism showed 
that in the transition from Eq. (8) of the original paper to Eq. (9), a constant 
term that should have been included in the expression for the ion drift 
was neglected. Actually, in electric or gravitational fields crossed with a mag- 
netic field, a constant drift is imposed on the ions which is independent of 
the angular distribution of the ion paths in a plane perpendicular to the im- 
pressed magnetic field. This constant drift is of opposite sign and larger than 
the drift originally computed. The corrected expressions lead to a more satis- 
factory form of the theory than the original one. 

Professor Page in a recent paper? has carefully considered the problem 
of drift currents produced by crossed electric and magnetic fields and has cal- 
culated the mean ion displacement between collisions for all possible values 
of the free path. The second term of Professor Page’s Eq. (8), for the 
case of short free paths, corresponds (after division by the mean free time) 
to the third term of the writer’s Eq. (9). The second term of Page’s Eq. 
(8) for the case of short free path reduces to 





_ @HEs* ~T 1 - —1 1 , BS ' 
t= —tV3 | —+sin 0} sin ocos 6+ cos “eo ri) (1) 


where y=eHs/cm V. In the two dimensional case considered by the writer 
the mean value of the above expression is zero but if it is averaged over all 
three dimensions the mean drift velocity is given by 


e’HEs* 


ne. (2) 
18cm?V? 


1 Gunn, Phys. Rev. 34, 335 (1929). 
* Page, Phys. Rev. 34, 763 (1929). 
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and the current density expressed in the units employed by the writer is 
Ne*\*H,E, 
54mkT 


(3) 


The sign of this quantity is opposite to that originally obtained and indicates 
that inside the sun and earth circular ion currents are set up due to crossed 
electric and magnetic fields which tend to magnetize the body rather than 
demagnetize it as was originally supposed. 

It therefore becomes necessary to consider a slight revision of the original 
theory and the emphasis must now be placed on magnetizing currents which 
arise from crossed electric and magnetic fields rather than magnetizing cur- 
rents arising from an inhomogeneous magnetic field even though this cur- 
rent sheet is in the correct direction to produce the observed field. The 
original calculations showed the earth possessed an internal electric field of 
0.3 e.m.u./cm which was always radially outward and which arose from the 
gravitational separation of the ions within the earth. The mean westward 
current density necessary to account for the earth’s magnetic field is 
4xX10-" abamps/cm? and the mean free path of the ions necessary to give 
this observed current density can be calculated by aid of Eq. (3). Taking 
the mean internal value of H=0.5 gauss, N=10" ions/cm* and the mean 
internal temperature as 5000°C, the necessary free path turns out to be 
210-7 cm. This is far more satisfactory than the requirement of the 
original theory that the free path approximate 3X10-* cm. Such a value 
was very difficult to account for and constituted perhaps the major objection 
to the original theory. A calculation shows that ion currents due to the in- 
homogeneity of the earth’s magnetic field or to crossed gravitational and 
magnetic fields are negligible for free paths of the magnitude required by 
the present considerations. A mean free path for the ions of 10-7 cm seems to 
be readily allowable inside the earth and this value lends support to the modi- 
fied position that the primary current system of the earth results from the 
ion motions imposed by the internal gravitational-electric field crossed with 
a self produced magnetic field in the regenerative manner described previous- 
ly. This view is complicated by the fact that the resulting current density 
is a linear function of the resulting field and it is not yet clear just what limits 
the field to its observed steady value. Many things have been left out of the 
theory which might account for the field building up to a steady state and 
some of these factors are now being studied. While the present view is 
able to account quantitatively for the observed field in a very simple manner 
it is perhaps well to point out that many features of ordinary electrical con- 
duction theory do not agree with experiment and we have no assurance that 
the ions in the hot interior of the earth behave in any simple manner. Until 
many of the present difficulties of simple conduction theory are cleared away, 
the original form of the theory should, perhaps not be completely discarded. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


An Unusual Spectral Series 


The recent measurement by Selwyn (Proc. 
Phys. Soc. London 41, 361, (1929)) of.certain 
copper arc lines in the Schumann region have 
led to the identification of the following 
terms (mostly known as levels previously) of 
the ordinary d'°np *P series of Cu I. 


Ryd. 
Designation Level Interval denominator 

31772.8 1.858 

4p°P 248.4 
31524.4 1.865 
5p 21925.0 -—0.3 2.913 
7523.9 3.818 

6p — 243.6 
7280 .3 3.881 
4889 .4 4.737 

7p +530 .6 
4358.8 5.016 
3031.9 6.015 

8p — 47.0 
2984 .9 6.063 


It is not surprising that such an array was 
not previously considered to form a series, 
but the evidence is now quite conclusive. 
The appearance of intervals of both signs 
from a configuration in which only one elec- 
tron is not in a closed group is at variance 
with our ordinary ideas of the production of 
spectral terms. The explanation will probably 
be found when the wave mechanics is able to 
account for the occurrence of inverted *D 
and *F terms in the simple doublet spectra of 
the alkali metals. Such an explanation has 
not as yet been given. 


A. G. SHENSTONE 
Palmer Physical Laboratory, 


Princeton University, 
December 3, 1929. 


On the Possibilities of a Gravitational Drag of Light 


I suggested in a recent paper! that the well 
known velocity distance relation for extra- 
galactic nebulae might possibly be accounted 
for by a gravitational drag of light. In this 
paper I discussed the momentum which a 
particle m moving in a straight line with the 
velocity v transfers to a mass M initially at 
rest. The velocity ¢ was assumed for the 
gravitational waves. For the change of 
momentum of m along its path an expression 
of the following type was obtained: 


AG =(fmM/») [go+giv/c+g2(v/c)?+ «++ ] (1) 


where go is due to the static gravitational 
potential and the rest of the terms represent 
the retardation, g, not being equal to zero. 
Now Professor Eddington kindly informs me 
in a letter that g; should be zero on account 
of the following consideration. The retarded 
potential can be represented as this series? 


const. const. 


o(r, t) = 
r(1 — »,/c) 


terms of second and higher order in o/c. 
As the forces are derived from # they do not 
contain any terms in v/c and AG should 
therefore not contain any such terms either. 
This is actually so provided that the particle 
m is moving along the straight line without 
being started or stopped. But if it is started 
from rest at P; and stopped at P; a term in 
v/c appears as given in my paper. This is 
due to the fact that at the time ¢) at which the 
signal from the start at P,; has reached M, 
the mutual distance of the two particles 


1 F, Zwicky, Proc. of the Nat. Acad., Oct. 
1929. 

2A. S. Eddington. Phil. Mag. 46. 1112 
(1923). 


+ (2) 
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differs from P,M in terms v/c. It may very 
well be that the way in which I have intro- 
duced the time limits for the interaction 
between M and m is not justified. The 
problem is indeed quite complex because of 
the fact that the expulsion of a particle (light 
quantum) is accompanied by a direct recoil 
(atom) which would have to be considered. 

It seems to me however that the question 
whether g; is zero or not has no direct bearing 
on the question of the existence of a gravita- 
tional drag of light. Indeed for v=c all the 
terms in (1) become of equal importance. The 
above consideration for a moving particle of 
matter was given in my paper for the sole 
purpose of illustrating the effect of the re- 
tardation on the transfer of momentum. Any 
relation of the type (1) holds of course only 
for v<c. Only dimensional extrapolations 
can be made for v=c. It was therefore always 
my opinion that the existence of a gravita- 
tional drag of light must be derived or dis- 
proved from the general theory of relativity. 

An approximate relativistic solution of the 
problem might possibly be obtained in this 
way. Suppose that a quantum hp is passing 
by a mass M (star, etc.). If we hold M fixed, 
then the path of the quantum is given by 
Einstein’s solution. Let now M recoil, but 
retain as a first approximation Einstein's 
path for the light. Then four unknowns have 
to be determined; namely, the three velocity 
components of M and the resulting shift in 
frequency from » to v’. The four generalized 
equations for the conservation of “mo- 
mentum” and “energy” should yield the 
necessary relations for the unknowns. 


LETTERS TO THE EDITOR 


Finally I wish to mention some observa- 
tional tests related to the velocity of recession 
of nebulae which might decide between a 
“geometrical” theory (de Sitter) and a 
physical explanation. In the latter case, the 
red-shift should essentially depend on the 
distribution of matter in space, which might 
result in some of the following phenomena. 


(a) A dependency of the red-shift on direc- 
tion should be expected, especially within 
our own galactic system. 


(b) For very dense clusters of extragalactic 
nebulae (like the Coma cluster for instance) 
its different nebulae might show differences in 
apparent radial velocities larger than those 
due to peculiar motions. 


(c) If a nebula appears inclined to the line 
of sight, the light from the far edge might 
show a larger red-shift then the light from the 
near edge. The possibility of such an effect 
has also been mentioned by Dr. I. S. Bowen in 
conversation. Some observations of this type 
have been made by F. G. Pease® on the 
Andromeda nebula. His data indicate a slight 
difference in red-shift (20 km/sec) from the 
near edge to the far edge which is of the order 
of magnitude one should expect from the 
theory. The observational uncertainties 
involved are, however, too large to justify 
any definite conclusions. 

F. ZWICcKyY 


California Institute of Technology, 
December 4, 1929. 


3 F. G. Pease, Proc. of the Nat. Acad. 4, 21 
(1918). 


The Early Stages of Electric Spark Discharges 


The broadening of spectrum lines in con- 
densed spark discharges has been attributed 
to the Stark effect of inter-ionic fields. It 
occurred to us that probably the current 
density, and therefore the ionic density, in a 
spark is much greater immediately after 
breakdown than later and therefore that 
spectra at the beginning of spark discharges 
should be relatively more diffuse. By a slight 
modification, we have adapted the electro- 
optical shutter of Abraham-Lemoine and 
Beams to the observation of the width of 
spectrum lines at successive intervals of time 
after the beginning of sparks, and the results 
have led to interesting information on the 


density of the ions. We find, for example, that 
the spark doublets of Mg, Cd, and Zn are 
diffuse bands over 40A wide during 2 (10-7) 
sec after breakdown. Assuming that the 
broadening of the lines is a second order 
Stark effect due to the ions in the discharge 
and with the aid of experimental data on the 
Stark effect of Mg we have calculated from 
our observations that about 31 percent of the 
atoms and molecules in the path of the discharge 
are ionized. 

The electro-optical shutter has enabled us 
as well to measure the velocity of migration 
of the luminosity of the metallic spark lines 
from the anode. In the case of Zn the lumi- 
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nosity of the vapor travels away from the 
anode at the rate of 1.7 (10°) cm per second 
during the first 2 (10-7) sec after breakdown. 
We also have obtained actual photographs of 
the initial stages of single sparks with exposure 
times as short as 4 (10-*) sec. These snapshots 
of the beginnings of single sparks show that a 
current of 1600 amperes is carried by a fila- 
ment of cross-section 5 (10~*) sq. cm at the 
anode which gradually widens out to a cross- 
section of 2 (10-*) cm at the cathode. Thus 
the current density in the discharge attains the 
enormous magnitude of 3 (10°) amps per sq. cm. 
This great current density produced the great 
brilliance of the spark as a light source which 
made possible the photography of the spark 
with the short exposures mentioned above. 

It seems probable that the above recorded 
velocity of spreading of the spark luminosity 
from the anode really measures the velocity 
of the positive ions. Assuming this to be the 
case and that the positive ions carry one half 
the discharge current, it is calculated from the 
cross-section of the discharge that about 30 
percent of the molecules and atoms in the dis- 
charge are ionized. This result is in striking 
agreement with the above estimate of the 
ionic density evaluated from the broadening 
of the spectrum lines. These calculations have 
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not taken into account certain factors and 
therefore are approximate but certainly 
right in order of magnitude. Perhaps it does 
not seem valid to assume that the positive 
ions carry as much of the discharge current as 
the electrons because of the greater speeds of 
the latter carriers. This objection appears less 
serious when it is pointed out that the mag- 
netic field produced by the discharge itself 
reaches the magnitude of 40,000 Gauss and 
therefore that the electrons are confined to 
spiral paths of very small radii in such a 
manner that their velocity of migration to the 
anode is diminished considerably. 

Finally, we should like to mention that two 
of our photographs of early stages of sparks 
show off-shoots from the main filament of the 
discharge which remind one of Wilson cloud 
photographs of alpha-particle tracks. Be- 
cause the off-shoots in both cases are bent 
towards the cathode the possibility is sug- 
gested that they are due to regions of ioni- 
zation initiated by high velocity positive ions 
ejected from the main filament of the dis- 
charge. 

Ernest O. LAWRENCE 
FRANK G. DUNNINGTON 
University of California, 
December 11, 1929. 


The Effect of Second Order Zeeman Terms on Magnetic Susceptibilities: Errata. 


Due to a previous arithmetical error, the 
theoretical Bohr magneton numbers given in 
Table I of our note in the preceding (De- 
cember 1) issue should read 3.68, 2.83, 1.66 
and 3.53 for Nd***, Ill***, Sm***, and 
Eu***+ respectively instead of 3.69, 2.87, 
1.83 and 3.56. There is no change in the 
balance of this Table or in Table II. This 
revision is seen to be appreciable only for 
Sm***, and here improves the agreement with 


experimental values (1.54, Cabrera, or 1.32, 
St. Meyer) so that the situation for the whole 
rare earth group is now quite satisfactory. 
The first sentence of the last paragraph in our 
previous note obviously relates to the iron 
rather than rare earth group. 
J. H. VAN VLECK 
A. FRANK 
University of Wisconsin, 
December 13, 1929. 


Electron Emission by Metastable Atoms 


It has been shown recently by Oliphant 
[Proc. Roy. Soc. Al24, 793 (1919)] that 
helium metastable atoms cause a secondary 
electron emission when they strike a nega- 
tively charged target. Uyterhoeven [Proc. 
Nat. Acad. Sci. 15, 32-37, (1929)] has ob- 
served that the currents to a negative probe 
in neon are greater than those calculated from 
the observed sheath thickness. This could be 
accounted for by the assumption that a por- 
tion of the current measured was due to 


secondary emission by metastable neon atoms. 
The writer (Science 68, 598, 1928) has also 
reported observations with a negative probe 
in neon which can be accounted for by a 
secondary electron emission from the probe. 
More recent experiments in this laboratory 
(which will be reported shortly by Found and 
Lowe) indicate this secondary emission is due 
to metastable atoms. 

There is considerable difficulty in separating 
the currents due to positive ions from that 
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due to secondary electrons. In the course of 
some experiments on sputtering by positive 
ions of neon, it was observed that the energy 
' delivered to a sputtered wire target was much 
less than that calculated from the current 
and the voltage drop at the electrode. 

This was ascribed to the fact that part of 
the measured current was due to secondary 
emission by metastable atoms. As Oliphant’s 
results show that the difference in energy 
between the metastable state and the work 
function of the metal is taken up by the 
emitted electron, we may assume that the 
total energy tothe target is carried by posi- 
tive ions. Thus the positive ion current may 
be calculated from measurement of energy 
delivered to the target and the relation be- 
tween secondary electron current and positive 
ion current determined. 

A second method of calculating the con- 
tribution of secondary electrons to collector 
currents is the space charge equation de- 
veloped by Langmuir and Mott Smith (G. E. 
Rev. 1924). If the secondary emission is 
due to metastable atoms, it will be pro- 
portional to the collector area, whereas the 
positive ion current: is proportional to the 
sheath area. It has been proved by Langmuir 
that the secondary electron emission from a 
negatively charged collector does not vary 
by more than 0.1 percent per volt. A change 
of this magnitude can be neglected when 
dealing with a cylindrical collector of small 
diameter. If, with such a collector, we 
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choose conditions such that the sheath area 
is large (i.e., low discharge currents and high 
voltages) we may assume as a first approxima- 
tion that the current is due entirely to positive 
ions. On this basis an approximate value of 
sheath thickness can be calculated. By com- 
paring the rate of change of collector current 
to the rate of change of sheath area, the 
random positive ion current density can be 
determined by a series of approximations. 
From this value, the contributions of second- 
ary electrons to collector current is readily 
computed. Calculation by this method shows 
that in the positive column of a neon tube of 
5 cm diameter at 300 baryes pressure and 
operating at 0.4 amperes discharge current, 
the secondary electron emission from a 
tungsten wire is 7.5 m.a./cm? compared to a 
random positive ion current density in the 
discharge of 0.82 m.a./cm*. This means that 
a wire collector of 0.005 cm diameter and 3.5 
cm long, 100 volts negative to the discharge, 
receives a positive ion current of 0.91 m.a. 
and emits a secondary electron current of 
0.42 m.a. Results giving the secondary 
electron current as a function of discharge 
current and pressure will be given in a future 
publication. 


CuiFton G. Founp 


Research Laboratury, 
General Electric Company, 
Schenectady, New York, 
December 12, 1929. 


Frequency Distribution in Raman Spectra 


If we grant that most of the lines in the 
Raman spectra of organic compounds cor- 
respond to fundamental frequencies in the 
molecule, it is possible to explain the distribu- 
tion of the frequencies in the spectra by 
assuming that the non-polar chemical bond 
always has about the same elastic constants 
independent of the atoms which it joins or 
their position in the molecule. In other 
words variations in frequency appear to be 
due in most part to the variations in the 
masses of the particles vibrating rather than 
to variations in bond strength when the bonds 
involved are non-polar single bonds. 

We have taken the following values as 
representing the average state of the non- 
polar single bond: ki: =4X10° dynes per cm 
for streching the bond; k;=0.66 dynes per 


cm for bending the bond. In other words k, 
is the restoring force on an atom when it is 
moved unit distance along the line in which 
we think the bond to act, and kg is the re- 
storing force when the atom is moved 
perpendicular to this line, the rest of the 
molecule being held still. This implies; (1) 
that the bond is a definite localized force 
closely analogous to a spring, at least for the 
small displacements involved in thermal 
vibration which are of the order of 0.2A; (2) 
that all bonds have a common mechanism as 
was first suggested by G. N. Lewis when he 
proposed the electron pair theory. 

These assumptions lead us to expect the 
following groups of frequencies in the Raman 
spectra of typical organic molecules. (Values 
are in cm™},) 











LETTERS TO THE EDITOR 


I. Hydrogen attached to C, O, or N vibrat- 
ing 
a) along bond: calc. 2730; obs. 2830— 
3050 
b) perpendicular to bond: calc. 1500- 
1200; obs. 1500-1200. 
II. Vibration of groups of C,O, and N atoms 
a) along bonds: 
1. Simple pairs 1068-1000 
Example: C—O; calc. 1000; obs. 
1031 (in CH;OH) 
2. Several bonds 
atom. 1300-1000. 
3. Motions involving several atoms 
such as in long chains: 1000-400 
or lower depending on length of 


restricting one 


chain. 
4. Single groups attached to heavy 
radical. 150-250. 


Example: CH3—CgH, obs. 215. 
b) Perpendicular to bonds: 

1. In straight chains: 450-150 or 
lower depending on length of 
chain. 

Example: CHsCH,OH calc. 415; 
obs. 450. 

2. In ring structure: 600-300. 
Example: Benzene calc. 612, 306; 
obs. 605, 360. 


To the Editor of the Physical Review 
Dear Sir: 

It has been called to my attention that the 
experiment described in the last paragraph 
of my “Letter” of November 15, [Phys. Rev. 
34, 1392 (1929) | really proves nothing at all. 
For it appears that the copper gauze used as 
an electrostatic shield also effectively de- 
creases the electromagnetic field inside the 
tube. As a matter of fact, the electrostatic 
shield originally suggested to me by Dr. Breit 
consisted of a system of wires running parallel 
to the tube. I used, instead, the more con- 
venient copper gauze, for at the time it did 
not occur to me that the electromagnetic 
forces inside the tube would be decreased 
because of the eddy currents set up in the 
gauze. 

Accordingly, I have recently repeated that 
experiment using an electrostatic shield similar 
to the one originally suggested by Dr. Breit. 
It consisted of a set of parallel wires about 
1 cm apart, joined at each end by a ring with 
a small gap in it. The eddy currents induced 
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III. Heavy atoms such as Cl, Br, and I or 

groups such as NO,, COOH. 

a) Vibration along bond. 
Example: Cl—CsHs calc. 540; obs. 
obs. 607. 

b) Vibration perpendicular to bond. 
Example: Cl—CsHs calc. 215; obs. 
195. 

The observed spectra are almost without 
exception in accord with the above scheme. 
Slight deviations may be due to the fact that 
actually the strength of a bond may vary by 
twenty percent from the average value and 
that exact analysis of the motion involved in 
many types of vibration is impossible. 
Further confirmation is given by the fact that 
with the help of the above the heat capacity 
can be calculated as a sum of Einstein and 
Debye functions, and the optically observed 
frequencies can be assigned in quite a definite 
and unequivocal manner to the different de- 
grees of freedom. The values so calculated 
agree well with the experimentally observed 
values in the dozen cases for which data are 
available. 

DonaLp H. ANDREWS 

Department of Chemistry, 

Johns Hopkins University, 
December 10, 1929. 


in such a shield would be negligible. Con- 
sequently it would function purely as an 
electrostatic shield. It was found that as 
soon as the tube was surrounded by this 
shield, the discharge ceased. Hence, we must 
conclude, as before, that the electrodeless 
discharge is principally an_ electrostatic 
phenomenon. 

There seems to be one exception to this 
conclusion. In a recent paper, K. A. 
MacKinnon [Phil. Mag. 8, 605, (1929)], has 
shown that the luminous annular ring which 
appears in electrodeless discharge under 
certain conditions of excitation is undoubtedly 
produced by electromagnetic forces. It seems 
that only spark excitation (i.e. damped waves) 
will produce this “ring.” I have always used 
c.w. excitation and consequently, have never 
observed it. 

Very truly yours, 
CHARLEs J. BRASEFIELD 


University of Michigan, 
December 11, 1929. 
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BOOK REVIEWS 


Wein-Harms Handbuch der Experimental Physik. Vol. XVIII. K. F. Bort.incer, 
R. LADENBURG, M. v. LAvE, HANs ScHULZ, AND E. WARBURG. Pp. 670+xiv, figs. 140. Aka- 
demische Verlagsgesellschaft m.b.H., Leipzig 1928. Price, bound, RM63.50. 


This volume opens with a critical review by Ladenburg on the various measurements of 
the velocity of light in media at rest. This is an excellent up-to-date summary of the subject. 
The following section on optics of moving media, by v. Laue, is a discussion of optical phe- 
nomena due to relative motion, such as aberration, Doppler effect, and Fresnel coefficient, 
and the rotation experiments of Sagnac, Michelson, and Harress, together with the attempts 
to detect absolute motion of the earth through space. The experiments and their theoretical 
foundation are discussed in a masterly fashion, but the actual derivations of the various 
formulae are for the most part omitted. A brief section by Bottlinger deals with the measure- 
ments of the shift of spectral lines to the red and the deflection of light rays in a gravitational 
field as predicted by the theory of relativity. The fourth section, by v. Laue, is on the re- 
flection and refraction of light at the boundary of two isotropic media. Especially noteworthy 
is the comparison of the various results with experiment. The effects of surface films are sum- 
marized. The treatment of metallic reflection, which includes the magneto-optic Kerr effect, 
is very good. It should be noted that dispersion phenomena are not included in this volume. 
The section on interference and diffraction of electromagnetic waves (with the exception of 
x-rays) is also by v. Laue. The first two chapters give a complete and interesting resumé of 
the many interference phenomena and their applications. The treatment of diffraction phe- 
nomena is excellent. Many photographic illustrations and intensity graphs add to the interest 
of the mathematical derivations. The subject of polarized light is written up by Schulz. The 
treatment is highly satisfactory from a descriptive standpoint, but one regrets that the develop- 
ment of most of the mathematical theory is omitted. The instruments used in the study of 
polarization phenomena are particularly well discussed. The volume ends with a brief treat- 
ment of photochemistry by Warburg. As this section was completed early in 1926, it is some- 
what out-of-date. 

The typography and binding are very good. 

J. VALASEK 


Proceedings of the Seventh International Congress of Photography. London, July 
9-14, 1928. Editors: W. CLARK, T. SLATER Price, B. V. Storr. Pp. 571+-xiv, figs. 199. W. 
Heffer and Sons Ltd. Cambridge 1929. Price 25/ net. 


It is very difficult to write an adequate review of a book of this kind with its large number 
of short articles on different subjects ranging from artistic photography to the commercial, 
scientific, and theoretical aspects of the subject. The greatest space is devoted to the properties 
of photographic materials. The difficulties encountered in establishing standards for testing 
of photo-materials are well illustrated in the proposals made, the subsequent discussion, and 
the final postponement of action. The following section is a brief one dealing with apparatus 
and it includes a paper on super-speed lenses and shutters. In the next section on scientific 
applications one finds articles on such subjects as spectrography with the quartz spectrograph 
and the vacuum grating spectrograph, the photography of stress, and the photography of 
sound waves. The following section deals with photo-engraving, color photography, and 
kinematography with an article on sound films. The final group of papers is on record photo- 
graphy, history, and bibliography. 

Because of the many applications of photography, there is something in this volume that 
will be of interest to everybody. The typography is good, but the binding is of paper. 


J. VALASEK 
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Hyatt—486 


Energy states (see also Spectra) 
Of light atoms, binding energy, L. A. Young— 
1226(L) 
Errata 
To propagation of Schroedinger waves in uniform 
field, G. Breit—1491 
To perterbations in molecules and theory of pre- 
dissociation and diffuse spectra, O. K. Rice— 
1462 
To effect of second order terms on magnetic sus- 
ceptibilities, J, H. Van Vieck, A. Frank—1625(L) 
Excitation of atoms and molecules 
Diatomic molecules by positive ions and excited 
atoms, O. S. Duffendack, H. L. Smith—68 
Excitation of Mg II spectrum by impacts of second 
kind, O. S. Duffendack, Clement L. Henshaw, 
Marie Goyer—1132 
Hg, radius, E. Gaviola—1049 
Field currents 
Theory, P. W. Bridgman—1411 
Flames 
Containing halogens, continuous spectra, H. C. 
Urey, J. R. Bates—1541 
Fluorescence 
Na vapor, transition probabilities, C. J. Chris- 
tensen, G. K. Rollefson—1157 
Organic solutions, effect of temperature, J. R. 
Jenness—1275 
Quenching collisions in Hg vapor, efficiency, E. 
Gaviola—1049 
Resonance-fluorescence in CN spectrum, H. T. 
Byck—453 
Frequency 
Definition of, J. Q. Stewart—1052 
Frequency analyzer 
Electro-mechanical, L. P. Delsasso—550(A) 
Fugacities 
In gaseous mixtures, calculation, L. J. Gillespie— 
1605 
Furnace spectra (see Spectra) 
Galvanomagnetic effects 
Hall effect in permalloy, A. W. Smith, 
Sears—1466 
Gamma rays 
Status of gamma-ray change, N. Feather—1558 
Geissler discharge (see Discharge of electricity 
through gases) 
Geophysics 
Ions and electric currents in upper atmosphere, 
E. O. Hulburt—1167 
Magnetic field of sun and earth, theory, R. Gunn 
—335; correction—1621 


R. W. 
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Ultra-violet light theory of aurorae magnetic and 
storms, E. O. Hulburt—344 
Hall effect 
In permalloy, A. W. Smith, R. W. Sears—1466 
Heat conductivity (see Thermal conductivity) 
Hydrodynamics 
Fluid flow, kinetic correction. S. B. Stone— 
1392(L) 
Indetermination principles 
Involving k and e, J. Q. Stewart—1289(L) 
Intensities in spectra 
Forbidden nebular lines, theory, J. H. Bartlett, 
Jr.—1247 
HCl, harmonic band, J. L. Dunham—438 
Hg, 2537, voltage-intensity, F. C. Ostensen— 
1352 
Hydrogen, as function of electron velocity, C. J. 
Brasefield—431 
Li, absorption bands, alternating intensities, A. 
Harvey, F. A. Jenkins—1286(L) 
Mg 4571 and 2852, effect of foreign gases, J. G. 
Frayne—546(A), 590 
Ti I, intensities in super-multiplets, G. R. Harri- 
son—540(A) 
Ti II, in generalized multiplet, H. Engwicht— 
541(A) 
Vacuum furnace for measurement, G. R. Harrison 
—545(A) 
Ionization 
Diatomic molecules by positive ions and excited 
atoms, O. S. Duffendack, H. L. Smith—68 
Hg vapor, ionization potentials for Hg*t, Hg?*, 
Hg**, Hg**, Walker Bleakney—157 
K and L-series electrons, relative probabilities, 
G. L. Pearson—542(A) 
N: and air by positive ions, R. M. Sutton, J. C. 
Mouzon—547(A) 
O:, by electron impact, theory, E. C. G. Stueckel- 
berg—65 


Ionization by radiation (see Photo-ionization) 


Ions 

Emission from metals, H. B. Wahlin—164(L) 

Emission from W and Mo, L. P. Smith—1496(L) 

Lit, reflection from metals, R. B. Sawyer— 
1288(L) 

Motion in crossed electric and magnetic fields, 
L. Page—763 

Recombination in gases, L. C. Marshall—541(A), 

618; theory, L. B. Loeb, L. C. Marshall—542(A) 

Reflection of H* from crystals, A. J. Dempster— 
1493(L) 

Scattering of Li*+ in Hg vapor, I. W. Cox—1426 
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Ions, mobility 
In moist air, J. Zeleny—310 
Nature of ions in air, H. A. Erikson—635 
Isotopes 
Ag and Cl, from AgCl spectrum, B. A. Brice— 
1227(L) 
Carbon, from band spectra, A. S. King, R. T. 
Birge—376(L); further evidence—379(L) 
Nitrogen, S. M. Naudé—1498(L) 
Oxygen, relative abundance, from spectra, H. D. 
Babcock—540(A) 


Joule-Thomson effect 
For air, O. C. Bridgeman—527 


, Liquids 
Intermolecular forces, J. H. Hildebrand—984 
Magnetic fields 


Of sun and earth, theory, R. Gunn—335; cor- 
rection—1621 


Magnetic properties 

Bi, effect on single crystal formation, A. Goetz, 
R. C. Hergenrother, A. B. Focke—546(A) 

Fe and Ni, Barkhausen effect, C. W. Heaps, J. 
Taylor—937 

Iron, nickel and permalloy, Barkhausen effect, 
R. M. Bozorth—772 

Isolated ferromagnetic atoms, F. W. Constant— 
548(A), 1217 

Ni and Fe films, J. H. Howey—1440 

Oxygen, magnetic moment, O. E. Kurt, T. E. 
Phipps—1357 

Permalloy, Hall effect, A. W. Smith, R. W. Sears 
—1466 

Saturation of magnetic polarization of gases, 
quantum theory, K. F. Niessen—253 

Susceptibilities of crystals, absence of change with 
crystallization in strong fields, L. A. Welo—296 

Susceptibilites of rare earth and iron group, effect 
of second order Zeeman terms, J. H. Van Vleck, 
A. Frank—1494(L); errata—1625(L) 


Magnetic storms 
Ultra-violet light theory of origin, E. O. Hulburt 
344 


Mechanics, quantum 
Asymmetrical top, S. C. Wang—243 
B state of Hz, C. Zener, V. Guillemin, Jr.—999 
Chemical reaction, R. M. Langer—92 
Chemical reaction, O. K. Rice—1451 
Complex spectra, J. C. Slater—1293 
Continuous x-rays, C. Eckart—167 
Diatomic molecules, vibrational levels, P. M. 
Morse—57 
Hyperfine structure, H. E. White—1404; 1288(L) 


Intensities of forbidden nebular lines, J. H. Bart- 
lett, Jr.—1247 

Interaction of two electrons, G. Breit—553(L) 

Magnetic susceptibility, effect of second order 
Zeeman terms, J. H. Van Vleck, A. Frank— 
1494(L); errata—1625(L) 

Metallic conductivity at low temperatures, W. V. 
Houston—279 

Momentum distribution in hydrogenic atoms, B. 
Podolsky, L. Pauling—109. 

Perturbation in molecules and theory of predissoci- 
ation and diffuse spectra, a correction, O. K. 
Rice—1462 

Propagation of Schroedinger waves in uniform 
field, a correction, G. Breit—1491 

Saturation of electric and magnetic polarization 
of gases, K. F. Niessen—253 

Smekal-Raman effect in hydrogenic atoms, B. 
Podolsky, V. Rojansky—1367 

Transition probabilities, E. L. Kinsey, J. Kaplan 
—546(A); Y. Sugiura—&58 

Uncertainty principle, H. P. Robertson—163(L) 

Mechanics, statistical 

Generalized form of new statistics, S. Chandrasek- 

har—1204 


Metastable atoms 

Electron emission by, C.G. Found—1625(L) 

Life and concentration, E. Gaviola—1373 

Ne and Hg, radii and collision probabilities, M. W. 
Zemansky—213 

Of rare gases, excitation of Mg II spectrum by 
collision, O. S. Duffendack, C. L. Henshaw, 
M. Goyer—1132 


Meteorology 

Wind mixing and diffusion in upper atmosphere, 

E. O. Hulburt—161(L) 
Methods and instruments 

Electro-mechanical frequency analyzer, L. P. 
Delsasso—550(A) 

Electrostatic analyzer of electron velocities, A. LI. 
Hughes, V. Rojansky—284, 291 

For determining hysteresis loops in small speci- 
mens, C. W. Heaps, J. Taylor—937 

For filter radiometry, D. C. Stockbarger, L. 
Burns—1263 

For measuring dielectric constants of conducting 
liquids, A. Astin—300 

For measuring dielectric constants of electrolytes, 
A. P. Carman, O. B. Young, K. O. Smith—1040 

For measuring power losses in dielectrics at high 
frequencies, G. E. Owen—1035 

For measuring thermal conductivities of gases, 
E. D. McAlister, H. J. Yearian—542(A) 

For positive ray analysis, W. Bleakney—157 
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Glow discharge tube, new type, H. J. Reich— 
997(L) 
Photoelectric cell for erythema, F. W. Cook— 
1287(L) 
Projection lantern microphotometer, C. E. Hes- 
thal, G. R. Harrison—543(A) 
Sodium arc of high intensity, C. J. Christensen, 
G. K. Rollefson—1154 
Use of series inductance in vacuum spark spectra, 
R. C. Gibbs, A. M. Vieweg, C. W. Gartlein— 
406 
Vacuum furnace for spectra, O. S. Duffendack, 
J. G. Black—35 
Vacuum furnace for spectral intensity measure- 
ments, G. R. Harrison—545(A) 
Vacuum tube calibration, J. M. Hyatt—486 
Microphotometer 
For projection lantern, C. E. Hesthal, G. R. 
Harrison—543(A) 
Mobility of ions (see Ions, mobility) 
Modulation of light 
By dielectric films on alkali metals, A. R. Olpin— 
544(A) 
By Kerr cell, A. Bramley—1061(L); comments, 
J. Cabannes—1497(L) 
Molecular structure (see also Spectra, molecular) 
Constants for Naz, from spectrum, W. R. Fred- 
rickson—207 
Rotational instability and uncoupling of electronic 
orbital angular momentum from axis in dia- 
tomic molecules, W. W. Watson—1010 
Motor, electric 
Self-regulating, L. E. Dodd—545(A) 
Nucleus 
Disintegration by artificial means, possibility, 
G. Breit—817(L) 
Regularities in existing types, H. A. Barton— 
1228(L) 
Symmetry of nuclear wave functions, B. Cas- 
sen—1061(L) 
Optics, geometrical 
Field of view for two variable plane mirrors, 
L. E. Dodd—543(A) 
Packing 
Of homogeneous spheres, W. O. Smith, P. D. 
Foote, P. F. Busang—1271 
Paschen-Back effect 
In hyperfine structure, S. Goudsmit, R. F. Bacher 
—1499(L) 
Periodic {system 
New graphical arrangement, A. E. Caswell— 
5A3(A) 
Phosphorescence 
Fused quartz, duration, H. W. Webb, H. A. 
Messenger—1463 
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Photoelectric cell 
For use in erythema, F. W. Cook—1287(L) 
Photoelectric effect 
Alkali metal films, effect of intense electric fields, 
E. O. Lawrence, L. B. Linford—1492 
Alkali metals, maximum long wave limit, H. E. 
Ives, A. R. Olpin—117 
Cerium dioxide, effect on thermionic emission, 
C. E. Berger—1566 
Gases, by x-rays, direction of ejection, C. D. 
Anderson—547(A); E. C. Watson, J. A. Van den 
Akker 547(A) 
Modulation of light by dielectric films on alkali 
metals, A. R. Olpin—544(A) 
Oxide-coated filaments, influence on thermionic 
emission, K. Newbury—1418 
Threshold for doubly evaporated films, R. B. 
Jones—227 
Photo-ionization 
Cs and Rb vapor, E. O. Lawrence, N. E. Edlefsen 
—233 
Liquids and crystals, theory, L. Pauling—954 
K vapor, E. O. Lawrence, N. E. Edlefsen—1056 
Piezo-electric effect 
Determination of constant, R. D. Schulwas- 
Sorokina—1448 
Planets 
Temperature, E. O. Hulburt—1063(L) 
Positive ions (see Ions) 
Positive ray analysis 
Of ions produced in Hg vapor, W. Bleakney—157 
Search for element 87, K. T. Bainbridge—752 
Potentials, critical 
For excitation of negative bands in nitrogen, 
L. A. Turner, E. W. Samson—747 j 
Hg, efficiency of excitation of 6.7, W. H. Brattain 
474 
Ionization potentials of Hg*, Hg**, Hg**, Hg**, 
W. Bleakney—157 
Ionization of Cu II, G. Kruger—1122 
Ionization of Ga II, spectroscopic, R. A. Sawyer, 
R. J. Lang—712 
Ionization of Ni I, H. N. Russell—821 
Ionization potentials of light elements, regulari- 
ties, O. Laporte, L. A. Young—1i225(L) 
Proceedings 
American Physical Society, Berkeley meeting, 
June 21 and 22, 1929—538 
Protons 
Reflection from crystals, A. J. Dempster—1493(L) 
Quantum theory (see Mechanics, quantum) 
Raman effect 
Crystalline sulfates and water solutions, A. 
Hollaender, J. W. Williams—994 
Diatomic molecules, F. Rasetti—367, 548(A) 
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Frequency distribution, D. H. Andrews—1626(L) 
Ketones, N. G. Whitelaw—376(L) 
Plate glass, A. Hollaender, J. W. Williams— 
380(L) 
Polyatomic gases, R. G. Dickinson, R. T. Dillon, 
F. Rasetti—582 
Quantum mechanical theory, B. Podolsky, V. 
Rojansky—1367 
Relation of intensity of lines to Maxwell-Boltz- 
mann law, L. S. Ornstein, J. Rekveld—720 
Spectra of electric discharges, J. Kaplan—1393(L) 
Water, E. L. Kinsey—541(A) 
Radiation, black body 
Stefan-Boltzmann constant, determination, C. E. 
Mendenhall—502 
Radiation, thermal 
From Ni and Co, C. L. Utterback—785 
From polished and soot-covered nickel, B. T. 
Barnes—1026 
Radioactivity 
Beta-ray emission, energies, discussion, L. B. 
Loeb—1212 
Status of gamma-ray charge, N. Feather—1558 
Temperature coefficient, O. K. Rice—550(A) 
Radiometry 
Methods of filter radiometry, D. C. Stockbarger, 
L. Burns—1263 
Recombination 
Alpha-particles and electrons, probability as 
function of relative velocity. B. Davis, A. H. 
Barnes—152; theory, E. Q. Adams—537(L); 
discussion, A. H. Barnes—1229(L) 
Atoms, theory, E. L. Kinsey, J. Kaplan—545(A) 
Ions and electrons in gases, L. C. Marshall— 
541(A), 618; theory, L. B. Loeb, L. C. Marshall 
—542(A) 
Reflecting power 
Calcite crystals for x-rays, B. Davis, H. Purks— 
181 
Relativity 
Coefficients of, S. R. Cook—549(A) 
Resonance radiation 
Excitation of spectra,O. S. Duffendack, J. G. 
Black—35 
Quenching in Hg, E. Gaviola—1373 
Scattering of electrons (see Electrons in gases) 
Scattering of ions (see Ions) 
Scattering of light (see also Raman effect) 
By Kerr cell, A. Bramley —1061(L), discussion, 
J. Cabannes—1497 (L) 
Scattering of radiation (see Raman effect, X-rays) 
Sound (see Acoustics) 


y Spark discharge 


Early stages, E.O. Lawrence, F. G, Dunnington— 
1624(L) 


Mechanism,L. J. Neuman—550(A) 

Phenomenon in rotary spark gap, R. E. Bur- 
roughs—161(L) 

Specific heat 

Air, constant pressure, O. C. Bridgeman—527 

Be, E. J. Lewis—1575 

Gases and mixtures of gases, theory, J. A. Beattie 
1615— 

Spectra, atomic 

Al I, Ga I, In I, new terms, W. D. Lansing—597 

C Il, N II, additional series lines, I. S. Bowen— 
534 

C II, N II, low energy states, I. S. Bowen—540 

Cu I, Cu II, Mn II, in vacuum furnace, O. S. 
Duffendack, J. G. Black—35 

Cu II, extension of analysis, G. Kruger—1122 

Eu, Gd, Tb, Ds, Ho, furnace spectra, A. S. King— 
540(A) 

Ga II, Ga I, In I, classification, R. A. Sawyer, 
R. J. Lang—712 

Gd, by absorption of GdCl,; crystal, S. Freed, 
F. H. Spedding—945 

Ge II, Ge III, Ge IV, new terms and combina- 
tions, R. J. Lang—697 

Hf, furnace, arc and spark, A. S. King—544(A) 

Hg I, from 1 to 24, wave-lengths and classification, 
E. D. McAlister—1142 

Hg II, III, IV, mean life, L. R. Maxwell—199 

H, intensities as function of electron velocity, 
C. J. Brasefield—431 

Hyperfine structure, interpretation, H. E. White 
1404 

Hyperfine structure, Paschen-Back effect, S. 
Goudsmit, R. F. Bacher—1499(L), 1501 

Hyperfine structure, theory, H. E. White— 
1288(L) 

Intensities of lines, vacuum furnace for measure- 
ments, G. R. Harrison—545(A) 

Mg II, by impacts of second kind with ions and 
metastable atoms, O. S. Duffendack, C. L. 
Henshaw, M. Goyer—1132 

Mg 4571 and 2852, effect of gases on intensity, 
J. G. Frayne—590 

Mg 4571, effect of gases on intensity, J. G. Frayne 
—546(A) 

Nebular forbidden lines, theory of intensity, J. H. 
Bartlett, Jr.—1247 

N I, CI, classification, S. B. Ingram—421 

N I, excitation, wave-lengths and classification, 
O. S. Duffendack, R. A. Wolfe—409 

Ni I, analysis, H. N. Russell—821; note—1394(L) 

O I, new terms, R. Frerichs—1239 

Pb III, Tl II, analysis, S. Smith—393 

Pb V, elassification, J. E. Mack—17. 

Pr+, hyperfine structure, H. E. White—1397 
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Pt I, analysis, J. J. Livingood—185 

Sb IV, Te V, extension of Cd I-like isoelectronic 
sequence, R. C. Gibbs, A. M. Vieweg—400 

Theory of complex spectra, J. C. Slater—1293 

Ti I, intensities in supermultiplets, G. R. Harri- 
son—540(A) 

Ti II, intensities in generalized multiplet, H. 
Engwicht—541(A) 

TL IV, classification, J. E. Mack—17. 

Unusual spectral series, A. G. Shenstone —1623(L) 

Vector coupling in Ni, Pd, Pt-like spectra, J. E. 
Mack—17 

Zn, influence of A and H:, J. G. Black, W. G. 
Nash, C. A. Poole—1138 

Spectra, continuous 

Of flames containing halogens, 

John R. Bates—1541 
Spectra, molecular 

AgCl, isotope effect, B. A. Price—1227(L) 

Benzene and halogen derivatives, infra-red ab- 
sorption, J. F. Daugherty—1549 

CN, resonance-fluorescence phenomenon, H. T. 
Byck—453 

CO and Nz, excited by positive ions and excited 
atoms, O. S. Duffendack, H. L. Smith—68 

CO, comet-tail bands, L. H. Dawson, J. Kaplan— 
379(L) 

CO,, electronic bands, J. F. Duncan—1148 

Diatomic molecules, rotational instability and 
uncoupling of electronic orbital angular momen- 
tum, W. W. Watson—1010 

Diatomic molecules, wave mechanics, 
Morse—57 

Diffuse, perturbation and predissociation, theory, 
a correction, O. K. Rice—1462 

Doublet band, Zeeman effect, E. L. Hill—1507 

Flames containing halogens, H. C. Urey, J. R. 
Bates—1541 

Halogen derivatives of ethane, near infra-red, 
B. J. Spence, M. A. Easley—730 

HCl, absorption, C. F. Meyer, A. A. Levin—44 

HCl, analysis of bands, W. F. Colby—53 

HCI, intensities in harmonic band, J. L. Dunham 
—438 

He band lines, fine structure and Zeeman effects, 
R. S. Mulliken, G. S. Monk—1530 

H:, intensities as function of electron velocity, 
C. J. Brasefield—431 

H,S, infra-red absorption, A. H. Rollefson—604 

H;, theory of B state, C. Zener, V. Guillemin, Jr. 

—999 

Liz, alternating intensities, A. Harvey, F. A. 
Jenkins—1286(L) 

MgH, Zeeman effect, G. M. Almy, F. H. Craw- 
ford—1517 


H. C. Urey, 


P. M. 
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Nag, rotational structure, W. R. Fredrickson—207 
No, excitation potential for negative bands, L. A. 
Turner, E. W. Samson—747 
NHs, vibration spectrum, J. W. Ellis—539(A) 
NO, beta bands, J. Kaplan—165(L) 
Oz, intensities in ultra-violet, theory, E. C. G. 
Stueckelberg—65 
Organic nitrates, absorption in infra-red, E. K. 
Plyler, P. J. Steele—599 
Ti O, new band system, analysis, A. Christy— 
539(A) 
Spectra, Raman (see Raman Effect) 
Spectra, X-ray (see X-ray, spectra) 
Spectroscopy, technique 
Secondary diffraction maxima of spectral lines, 
A. G. Shenstone—726 
Use of series inductance in vacuum spark spectra, 
R. C. Gibbs, A. M. Vieweg, C. W. Gartlein 
—406 
Sputtered films 
Ni, properties, L. R. Ingersoll, J. D. Hanawalt 
—972 
Statistical mechanics (see Mechanics, statistical) 
Stefan-Boltzmann constant 
Determination, C. E. Mendenhall 
Surface tension 
Hg, in gases, S. G. Cook—513 
Thermal conductivity 
Gases, new method, E. 
Yearian—542(A) 
Thermal expansion 
Ta, P. Hidnert—544(A) 
Thermal properties 
Be, E. J. Lewis—1575 
Thermionic emission of electrons 
By cerium dioxide, effect of light, C. E. Berger 
—1566 
From K, effect of hydrogen, H. R. Laird—463 
From oxide-coated filaments, characteristics, 
J. A. Becker—1323 
From oxide-coated filaments, influence of light, 
K. Newbury—1418 
/ Thermodynamics 
Compressibilities and thermal pressure coeff- 
cients of liquids, J. H. Hildebrand—649 
Fugacities in gaseous mixtures, calculation, 
L. J. Gillespie—1605 
Heat capacities of gases and gaseous mixtures, 
J. A. Beattie—1615 
Antermolecular attractions 
Hildebrand—542(A) 
Joule-Thonison effect and C, for air, O. C. 
Bridgeman—527 
Of gases and mixtures, fugacities, L. J. Gillespie 
—352 


502 


D. McAlister, H. J. 


in liquids, J. H. 
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Of liquids, intermolecular forces, J. H. Hilde- 
brand—984 
Thermoelectric effect 
Bi, crystal grown in magnetic field, A. Goetz, 
M. Hassler—549(A) 
Transition probabilities 
In Na vapor, influence of method of excitation, 
C. J. Christensen, G. K. Rollefson—1157 
Vacuum tube 
Distribution of electrons between plate and grid, 
J. M. Hyatt—486 
Valence 
Of S, from x-ray absorption, R. Winger—548(A) 
Vapor pressure 
Of K, Rb, Co, K. T. Bainbridge—752 
Wave-filters 
Acoustical, theory, R. B. Lindsay—652 
Wave mechanics (see Mechanics, quantum) 
Work function (see also Thermionic emission) 


Relation to contact potentials, for absorbed . 


films on tungsten, I. Langmuir, K. H. Kingdon 
—129 
X-rays, absorption 
Dependence of frequency on chemical constitu- 
tion, theory, L. Pauling—954 
In crystals, effect of lattice energy, R. Winger 
—549(A) 
Of S, relation to valence, R. Winger—548(A) 
Pt and Au, M-series, A. J. M. Johnson—1106 
X-rays, continuous 
Intensity, quantum mechanical theory, C. Eckart 
—167; Y. Sugiura—858 
X-rays, diffraction 
By gratings, errors due to divergence, H. E. 
Stauss—1601 
Of Cu and Fe for Mo and Cu radiation, A. H. 
Armstrong—931 
X-rays, photoelectric effect 
Direction of ejection, E. C. Watson, J. A. Van 
den Akker—547(A) 
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In gases, direction of ejection, C. D. Anderson 
—547(A) 
X-rays, reflection 
By calcite, B. Davis, H. Purks—181 
Classical scattering, P. Kirkpatrick, M. Dewar 
—549(A) 
From diamond, intensity, A. H. Armstrong—1115 
From Pt films sputtered on glass, H. E. Stauss 
—1021 
Of C Ka from glass, E. Dershem—1015 
X-rays, scattering 
Fine structure in Compton effect, B. Davis, 
H. Purks—1 
From Al and Cu, effect of temperature on Comp- 
ton shift, G. E. M. Jauncey, H. Bauer—387 
X-rays, spectra 
Cd and In K-series, precision measurements, 
J. Valasek—1231 
Components of Lf, and relative widths of lines, 
S. K. Allison—176 
Fine structure in Compton effect, B. Davis, 
H. Purks—1 
Multiple excitation, R. M. Langer, S. B. Hend- 
ricks—544(A) 
Pt and Au, M-series absorption, A. J. M. Johnson 
—1106 
Relative intensities, S. K. Allison—7 
Satellites of La, LB, LB, F. K. Richtmyer, 
R. D. Richtmyer—574 


Zeeman effect 

Effect of second order terms on susceptibilities 
of rare earth and iron group, J. H. VanVleck 
A. Frank—1494 (L); errata—1625(L) 

In doublet band spectra, E. L. Hill—1507 

In MgH bands, G. M. Almy, F. H. Crawford 
—1517 

In He band lines, R. S. Mulliken, G. S. Monk 
—1530 

In Pt I spectrum, J. J. Livingood—185 


























